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ABSTRACT 
Tracking the Sources of Fecal Contamination in the Wissahickon Creek Watershed  
using Phenotypic and Genotypic Analytical Methods 
Joanna Mary Pope 
Supervisor: Dr. Charles N. Haas, Ph.D. 
 
 
 
 
Microbial source tracking is a relatively new research approach to identify 
sources of human and animal fecal pollution based on the assumption that intestinal 
bacteria of warm-blooded animals and humans differ because of gut conditions and 
natural selection.  Advancements in both genotypic and phenotypic methods have 
contributed to the development of targeted approaches in water pollution prevention, 
control and remediation.  The aim of these techniques is to assist the implementation of a 
targeted approach for watershed management practices. 
The focus of this research is the Wissahickon Creek sub-watershed.  Over a 22-
month period, surface water, wastewater treatment plant effluent and fecal samples were 
collected for the isolation of Escherichia coli and Enterococcus spp.  The isolates were 
biochemically confirmed, and subjected to antibiotic resistance analysis and a polymerase 
chain reaction-based method to characterize their phenotypic and genotypic traits.  The 
libraries of data were analyzed using statistical tests to determine how well individual 
isolates represented source groups, and classification methods to determine the rates of 
correct classification of individual and combined source groups.  Based on these 
investigations, it was shown that antibiotic resistance analysis needed further procedural 
development to be an adequate instrument for the source assignment of isolates from 
 xx 
surface water samples.  The polymerase chain reaction-based method was better suited to 
the objective of source assignment, as the rates of correct classification were superior. 
 Data analysis methods were chosen to incorporate techniques that have been used 
in source tracking studies, in addition to those that have been recommended for use but 
have not been tested in practice.  Discriminant analysis was applied to the datasets, as it 
has been the classification method of choice for many researchers.  However it was 
shown that the k-nearest neighbor analysis generated higher rates of correct classification 
for the known source isolates and thus was used for the source assignment of isolates 
from water samples.  Examination of the genotypic data suggested that the dominant 
source of bacterial contamination in the creek was wastewater treatment plant effluent.  
For the phenotypic data, the dominant source was determined to be livestock, but the 
sufficiency of the phenotypic data was questionable. 
 
Keywords: Microbial Source Tracking; Genotypic methods; Phenotypic methods; E. coli; 
Enterococcus spp. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
1 
CHAPTER 1: BACKGROUND AND LITERATURE REVIEW 
 
 
 
 
1.1 Characterization of the research area 
 The aim of this thesis is to advance source water protection through the use of 
microbial source tracking.  This effort stands to benefit approximately 1.6 million people 
that live in the utility supply area, as consumers of tap water, recreational users of the 
water bodies, and industrial extractors.  The geographical area of interest was the lower 
reaches of the Delaware and Schuylkill watersheds in southeastern Pennsylvania.  
Specifically the focus of this research was the Wissahickon Creek watershed, a major 
tributary of the Schuylkill River.  The Wissahickon Creek watershed covers 
approximately 64 square miles, and consists of 26 named tributaries, in addition to a 
number of smaller, unnamed tributaries.  The creek’s source is in Montgomery County, 
Pennsylvania.  It travels for 23 miles through northwest Philadelphia before discharging 
into the Schuylkill River.  The total number of stream miles, including the named 
tributaries and accounting for the unnamed tributaries, is approximately 114 miles.  
Management of the Wissahickon Creek watershed has been a priority for a number of 
organizations, notably the Philadelphia Water Department (PWD) and the Delaware 
Valley Regional Planning Commission (DVRPC).  Other interested parties include the 
Wissahickon Valley Watershed Association, the Friends of the Wissahickon and the 
Fairmount Park Commission.  Within the PWD, the Office of Watersheds overseas the 
watershed assessment of the area of interest. 
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1.1.1 History of the Wissahickon Creek 
Structures along the length of the creek give an indication of the longevity of the 
historical and industrial importance of the watershed.  Industry began along the 
Wissahickon circa 1700, with America's first paper mill set up on the Monoshone Creek, 
one of the Wissahickon's tributaries.  Watermills, sawmills and dams were constructed 
along the Wissahickon Creek to exploit the fast-flowing river for industrial purposes.  
However, the drinking water quality was also an important issue as the first drinking 
fountain in Philadelphia was erected on the creek (Brandt, 1927).  This occurred in 1854, 
when the old city of Philadelphia and the surrounding county became legally united as a 
municipality.  In approximately 1870, the Fairmount Park Commission began acquiring 
land on either side of the creek, in an effort to protect the quality of the water from on-
going industrial activity.  In March 1964, the Wissahickon Valley was designated as a 
National Natural Landmark by the National Park Service, in an effort to conserve the 
history of the area. 
Although actions have been undertaken to safeguard the surface water quality in 
the Wissahickon Creek watershed, recent adverse events have been considered of a 
serious enough nature to be noted in the media.  On June 13, 2006, Merck and Co. Inc. 
accidentally released potassium thiocyanate from its facility in the north of the watershed 
in Lansdale.  Upon being treated at the Upper Gwynedd township wastewater treatment 
plant, the potassium thiocyanate was converted to a cyanochloride compound.  This 
resulted in a major fish kill on the Wissahickon Creek and threatened water supplies for 
the City of Philadelphia.  Within the same month, the creek was subject to a second 
pollution incident.  The Ambler wastewater treatment plant released 55,000 gallons of 
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raw and/or partially treated sewage into the Wissahickon Creek when the sewage plant 
malfunctioned and the backup generator failed.  There are multiple point sources of 
wastewater discharge to the watershed.  As of November 1, 2008 the Ambler wastewater 
treatment plant had spent $11 million upgrading its facility.  In addition to the plants at 
Upper Gwynedd and Ambler, facilities in Abington Township, Upper Dublin Township, 
and North Wales Borough all discharge into the Wissahickon Creek. 
1.1.2 Land use in the Wissahickon Creek watershed 
Land use in the watershed is primarily residential, although the lower five miles 
of the creek are dominated by Fairmount Park, which is the largest urban park in the 
United States of America.  The upper reaches of the creek are also typically residential, 
but with an increasing proportion of other land uses.  These include golf courses, 
agriculture and manufacturing.  Both the DVRPC and the PWD have undertaken research 
and produced reports to characterize the Wissahickon Creek watershed and the counties, 
townships and boroughs within the watershed.  In January 2007, the PWD prepared a 
report entitled ‘Wissahickon Creek Watershed Comprehensive Characterization Report’ 
(WCWCCR), which gives extensive details regarding the geographical area, hydrology, 
water quality, biological and physical characterizations, and loadings of the Wissahickon 
Creek.  Sixteen municipalities are located within the watershed and as of the 2000 US 
Census, the total contribution of area in the watersheds for the two counties are 33,815.61 
acres (83.2%) for Montgomery county, and 6,710.71 acres (16.8%) for Philadelphia 
county.  Table 1 gives a breakdown of the area within the watershed by municipality, in 
terms of population and acreage of each municipality within the watershed, and 
percentage of watershed drainage. 
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Table 1 Area of the Wissahickon Creek watershed drainage by municipality 
Municipality Population 
within 
watershed 
Acreage within 
watershed 
% of watershed  
drainage  
Upper Dublin Township 22,819 7,681 18.85 
Philadelphia 49,460 6,711 16.80 
Lower Gwynedd Township 6,290 5,304 13.01 
Whitemarsh Township 5,361 5,259 12.90 
Springfield Township 19,037 4,097 10.12 
Whitpain Township 5,784 3,384 8.30 
Upper Gwynedd Township 6,290 3,206 7.87 
Abington Township 21,804 2,291 5.58 
Montgomery Township 2,932 991 2.43 
Ambler Borough 6,426 542 1.33 
Lansdale Borough 3,474 454 1.11 
North Wales Borough 3,342 365 0.90 
Cheltenham Township 368 87 0.42 
Horsham Township 627 73 0.18 
Worcester Township 44 59 0.14 
Upper Moreland Township 112 22 0.05 
 
 
 
With regards to the population density in the watershed, the average density 
throughout the watershed based on US Census data for 2000 is three to four persons per 
acre at the census block level.  However given the nature of land use in the watershed, the 
numbers of households in the watershed calculated by municipality is highly varied, and 
unsurprisingly Philadelphia County is the most densely populated municipality.  As a 
whole, Montgomery County contributes 108,193 persons to the watershed and 
Philadelphia County contributes 49,460 persons (40,625 and 22,411 households 
respectively). 
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A reflection of the above numbers is the land use information for the Wissahickon 
Creek watershed.  The most recent data available from the DVRPC is dated 2005, but 
more detailed information is available from the WCWCCR using 2000 data from the 
DVRPC.  Land use has changed in the pertinent counties during this period, with details 
from the DVRPC report entitled ‘Land use in the Delaware Valley, 2005’ (DVRPC, 
2008).  Throughout the Delaware Valley as a whole, between 2000 and 2005, 
approximately one acre of land was developed every 65 minutes, and although the 
region’s population increased by 2% between 2000 and 2005, the residential land area 
increased by approximately 7%, yielding a gain of almost 22,000 acres of residential 
land.  On a county level, Montgomery County increased its residential land use area by 
3% between 2000 and 2005, and reduced its agricultural land use area by 12%.  In 
Philadelphia County, a zero percent change was recorded in the residential land use over 
the same time period, but agricultural land use decreased by 35%.  Therefore it is worth 
taking these county-level land use changes into account when examining the 
comprehensive 2000 land use data for the Wissahickon Creek watershed. 
Data analyzed by the DVRPC in 2000 and included in the Wissahickon Creek 
Watershed Comprehensive Characterization Report published by the PWD presented a 
land use map for the Wissahickon Creek watershed, as shown in Figure 1.  
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Figure 1 2000 Land use classification in the Wissahickon Creek watershed 
(Source: Philadelphia Water Department (2007)) 
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It is worth clarifying some of the land use categories incorporated into the map. 
‘Parking’ denotes parking lots of 10 spaces or more.  ‘Manufacturing – Light industrial’ 
denotes industrial parks and small-scale manufacturing and assembly.  ‘Transportation’ 
denotes land devoted to rail, air, marine, and highway transportation.  ‘Utility’ denotes 
uses such as power generation and substations, water infiltration and storage tanks, 
wastewater treatment facilities, landfills, and recycling centers.  ‘Vacant’ denotes areas 
that are not clearly wooded, agricultural, developed, landscaped, cleared, or unused but 
are clearly tied to other uses. 
1.1.3 Hydrology of the Wissahickon Creek watershed 
Evident on the land use map are three wastewater treatment plant sites, denoted 
by the prefix ‘WWTP’.  These are not the only WWTPs discharging into the creek, as 
there are five major municipal WWTPs in the watershed.  The mean discharge in million 
gallons per day over variable time periods (five to fourteen years) were estimated from 
data collated in Discharge Monitoring Reports by the US Environmental Protection 
Agency (USEPA), reported in the WCWCCR, as shown in Table 2.  Evidently, it is the 
Upper Gwynedd, Ambler and Abington plants that contribute the main municipal WWTP 
discharges to the watershed. 
 
 
 
Table 2 Municipal WWTP discharges in the Wissahickon Creek watershed 
 North 
Wales 
Upper 
Gwynedd 
Ambler Abington Upper 
Dublin 
Mean Discharge 
(MGD) 
0.533 3.220 4.210 3.216 0.918 
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 The mean monthly discharge of water in the Wissahickon Creek is recorded at 
four gauging stations along its length by the US Geological Survey (USGS) as part of its 
Surface-Water Monthly Statistics program.  USGS site number 01473900 is at Fort 
Washington with a drainage area of 40.8 square miles.  USGS site number 01473950 is at 
Bells Mill Road with a drainage area of 53.6 square miles.  USGS site number 01473980 
is at Livezey Lane with a drainage area of 59.2 square miles.  USGS site number 
01474000 is at the mouth of the Wissahickon Creek to the Schuylkill River with a 
drainage area of 64.0 square miles (i.e. the watershed in its entirety).  Over the forty-two 
year period from October 1965 to September 2007, the mean monthly discharge in cubic 
feet per second (cfs) is shown in Figure 2.  
 
 
 
 
Figure 2 Mean monthly discharge at four gauging stations on the Wissahickon 
Creek (1965 – 2007) (Prepared from USGS data) 
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Surface water and groundwater withdrawals in the Wissahickon Creek watershed 
are relatively limited.  Surface water withdrawals are negligible.  The Delaware River 
Basin Commission (DRBC) regulates groundwater withdrawals.  A Ground Water 
Protected Area was established by the DRBC in 1980 at the request of the 
Commonwealth of Pennsylvania after it became evident that development was negatively 
impacting ground water levels. The Protected Area covers 1,200 square miles and 
includes 127 municipalities. Watersheds included in the designated zone include the 
Neshaminy Creek, Brandywine Creek, Perkiomen Creek, and Wissahickon Creek.  All of 
Montgomery County and a number of neighboring counties are located within the 
Protected Area. 
1.1.4 Climatological data for the Wissahickon Creek watershed 
 Rain gauge data are available for the Wissahickon Creek watershed from a 
number of sources.  Data from the PWD are available from the Queen Lane water 
treatment plant intake, on the Schuylkill River south of the mouth of the Wissahickon 
Creek.  Figure 3 shows all rain gauges in the city of Philadelphia, with Queen Lane 
denoted by RG_18.  The Queen Lane drinking water treatment plant treats approximately 
80 million gallons per day (MGD) of water from the Schuylkill River.  The PWD has two 
additional drinking water treatment plants in the city, namely Baxter and Belmont.  The 
Belmont water treatment plant treats an average of 40 MGD extracted from the 
Schuylkill River, and the Belmont and Queen Lane plants combined provide about 40% 
of Philadelphia’s population with water.  The Baxter water treatment plant treats an 
average of 200 MGD drawn from the Delaware River, providing water to almost 60% of 
the City's population and portions of Lower Bucks County. 
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 The rain gauge at Queen Lane collects data continuously every 15 minutes, which 
equates to approximately 35,000 measurements per year, with a minimum detection limit 
of 0.01 inches of rainfall.  The consolidated 2007 data shown in Table 3 and Figure 4 are 
compared to the normal monthly rainfall for Philadelphia from the Northeast Regional 
Climate Center (http://met-www.cit.cornell.edu/). 
 
 
 
 
Figure 3 Rain gauges in Philadelphia County (Source: PWD Office of Watersheds) 
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Table 3 Queen Lane 2007 rain gauge data compared with monthly normal rainfall 
 
2007 rainfall 
(inches) 
30-yr normal rainfall 
(inches) 
Difference 
(inches) 
January 2.92 3.21 -0.29 
February 1.44 2.79 -1.35 
March 5.13 3.46 +1.67 
April 8.29 3.62 +4.67 
May 1.94 3.75 -1.81 
June 4.18 3.74 +0.44 
July 2.14 4.28 -2.14 
August 3.81 3.80 +0.01 
September 0.82 3.42 -2.60 
October 5.18 2.62 +2.56 
November 3.31 3.34 -0.03 
December 3.37 3.38 -0.01 
Overall 42.53 41.41 +1.12 
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Figure 4 Daily 2007 rainfall data collected at the Queen Lane rain gauge 
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 The reason for selecting 2007 as the year of interest for these data is because for 
the purposes of the research presented in this document, the majority of environmental 
sampling was undertaken from January through November 2007.  The rainfall data for 
Philadelphia for this period show that March and April could be considered particularly 
wet months, and July and September were much drier than average.  The lack of rainfall 
in September was somewhat offset by additional rainfall in October.  Overall rainfall in 
2007 measured at the Queen Lane rain gauge was 1.12 inches above normal. 
The monthly average of actual temperature data for the city of Philadelphia was 
also obtained from the Northeast Regional Climate Center, and this was compared to the 
monthly average temperature for the previous thirty years, as shown in Figure 5. 
 
 
 
 
Figure 5 Monthly 2007 temperature data for Philadelphia compared to the 30-year 
average 
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The overall trend for air temperature in 2007 was close to average.  Notable 
exceptions are January, which was 8°F above normal, February which was 5°F below 
normal and October, which was 9°F above normal. 
1.1.5 Local water quality sampling and monitoring 
 Two recent data sets are available from the PWD relevant the Wissahickon Creek 
watershed that compile data for State-regulated compliance purposes.  As reported in the 
WCWCCR data were collected in 2005 at sampling sites on the Wissahickon Creek for 
multiple parameters including dissolved oxygen, pH, fecal coliforms, temperature and 
turbidity.  An additional data set is available for 2008 courtesy of the Philadelphia Water 
Department presenting microbiological data, turbidity data and discharge at the Queen 
Lane water treatment plant intake on the Schuylkill River.  The 2005 data showed the 
dissolved oxygen concentration to be highly variable particularly during summer months, 
pH problems were associated with dissolved oxygen issues, daily maximum stream 
temperatures were generally similar across sampling sites and turbidity was a problem at 
all sites particularly during wet weather.  Fecal coliform concentrations were measured 
during wet and dry weather.  Dry weather fecal coliform bacteria numbers were generally 
below maximum limits but during wet weather sampling, fecal coliform bacteria 
exceeded permissible concentrations at all sampling sites. 
 The 2008 data set gives a summary of select parameters for the Schuylkill River, 
0.5 miles south of the confluence of the Wissahickon Creek.  Data were collected an 
average of three times per month for eleven months of the year.  Mean Escherichia coli 
(E. coli) and fecal coliform concentrations were similar at the intake, at 235 colony 
forming units (CFU)/100 mL and 260 CFU/100 mL respectively.  Enterococci counts 
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were much lower, with a mean concentration of 50 CFU/100 mL.  Mean turbidity for the 
sampling period was 6 Nephelometric Turbidity Units and the mean discharge was 2,786 
cfs.  Enterococci concentrations showed better correlation with turbidity and discharge 
than for E. coli and fecal coliform, although the correlation coefficients (R2 values) were 
less than 0.5.   
1.2 Compliance issues and legal perspectives 
 The motivation for undertaking research on the Wissahickon Creek watershed is 
in part due to a number of legal perspectives, and their implications on the surface water 
quality.  These issues are relevant to multiple aspects of the research project detailed in 
this thesis, from the choice of sampling and analytical methods through to the 
interpretation of the data.  To put the issues of water quality with regards to 
environmental legislation into context, the relevant laws, codes and permits are briefly 
described in this section. 
1.2.1 The Clean Water Act (1972) 
 The Clean Water Act (CWA) 33 USC § 1251 et seq. (1972) was established for 
regulating discharges of pollutants into the waters of the US, and to establish surface 
water quality standards. It is a series of legislative acts that form the foundation for 
protection of US water resources, including the Water Quality Act (1965), Federal Water 
Pollution Control Act (1972), Clean Water Act (1977), and Water Quality Act (1987).  
CWA § 305(b) and § 303(d) deal specifically with water quality assessment and Total 
Maximum Daily Load (TMDL) development.  The CWA employs a variety of regulatory 
and non-regulatory tools to reduce direct pollutant discharges into waterways, finance 
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municipal WWTP facilities, and manage polluted surface runoff into waterways.  This is 
to achieve the goal of restoring and maintaining the chemical, physical, and biological 
integrity of surface waters. 
It is unlawful to discharge any pollutant from a point source into waterways 
without a permit obtained through the National Pollutant Discharge Elimination System 
(NPDES) permit program.  Individual homes that are connected to a municipal WWTP 
system, use a septic system, or do not have a surface discharge do not need an NPDES 
permit.  Industrial, municipal, and other facilities must obtain a permit if they discharge 
directly to surface waters. The NPDES permit program controls water pollution by 
regulating point sources that discharge pollutants into waters of the United States and 
since its introduction in 1972, the NPDES permit program has resulted in significant 
improvements to surface water quality.  In most cases, the NPDES permit program is 
administered by authorized states, which includes Pennsylvania.  Information on the 
NPDES permit program is freely available from the USEPA website, through its 
‘Envirofacts Warehouse’ (www.epa.gov/enviro/).  From this website, details of relevant 
permitees under the NPDES in the Wissahickon watershed include Abington, Ambler and 
Upper Gwynedd WWTPs. The details of the parameters pertaining to the NPDES permits 
of these facilities are shown in Appendix B. 
1.2.2 Impaired Waters List § 303(d) 
An important requirement of the Clean Water Act is for the states to periodically 
identify waters that do not or are not expected to meet applicable water quality standards. 
These waters are identified on the § 303(d) Impaired Waters List, and are defined as 
waters for regulations and controls not stringent enough to meet the water quality 
  
16 
standards set by states. The law requires that states establish priority rankings for waters 
on the lists and develop TMDLs for these waters.  A TMDL is a calculation of the 
maximum amount of a pollutant that a water body can receive and still meet water quality 
standards. 
The current § 303(d) list for 2009 does not define the Wissahickon Creek as an 
impaired waterbody, but prior § 303(d) lists for 1996, 1998, 2002 and 2006 classified the 
creek as impaired, with stream segments failing to attain their designated use for trout 
stocking.  This designation provides for the maintenance of stocked trout from February 
15 to July 31, and the maintenance and propagation of fish species and additional 
indigenous flora and fauna. The two impairment classifications for which the 
Wissahickon Creek has previously failed to attain status are nutrient impairment and 
siltation impairment.  The most recent (2008) data available lists five causes for concern 
in the creek, namely nutrients, dissolved oxygen/biological oxygen demand (DO/BOD), 
pathogens, siltation and ‘cause unknown’.  TMDLs are in place for siltation and DO 
parameters until 2011.  Prior § 303(d) lists have identified additional issues that include 
siltation, habitat alteration, flow/water variability, pathogens, chlorine, and oil and grease 
impairments. 
1.2.3 Total Maximum Daily Load 
 The USEPA definition of Total Maximum Daily Load (TMDL) from its online 
glossary of water standards is as follows: “The sum of the individual wasteload 
allocations for point sources, load allocations for nonpoint sources and natural 
background, and a margin of safety. TMDLs can be expressed in terms of mass per time, 
toxicity, or other appropriate measures that relate to a state's water quality standard”. 
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Point source pollution is discharged at a specific location from pipes, outfalls, and 
channels from municipal WWTPs and industrial waste treatment facilities. Point sources 
can also include pollutants contributed by tributaries to the main receiving water stream 
or river.  Nonpoint sources of pollution are typically defined as originating from multiple 
sources over a relatively large area.  These can be divided into source activities related to 
land or water use including animal-keeping practices, forestry practices, and urban or 
rural runoff.  TMDLs are developed for the most sensitive environmental conditions such 
as stream flow, temperature, and weather conditions using data pertaining to a particular 
geographic area or watershed.  In October 2003 the USEPA established nutrient and 
sediment TMDLs for the Wissahickon Creek watershed and in 2006, the EPA initiated a 
re-evaluation of the TMDLs for nutrient loading. 
 In addition to monitoring indicator bacteria as a measure of source water protection, 
the USEPA Long Term 2 Enhanced Surface Water Treatment Rule (LT2 rule) affects all 
public water systems that use surface water (or ground water under the direct influence of 
surface water).  The LT2 rule requires monitoring for Cryptosporidium spp., a water-borne 
protozoan parasite.  By sampling the source waters, the LT2 monitoring program helps 
determine what actions a water treatment plant must implement to ensure to improve the 
control of microbiological pathogens in drinking water. 
1.2.4 Other relevant legislation 
 With regards to the NPDES, there are a number of other federal laws that apply to 
the permit program.  The Endangered Species Act USC § 136 et seq. (1973) was enacted 
to protect and conserve endangered and threatened species and critical habitat.  The 
National Environmental Policy Act 42 USC § 4321 et seq. (1969) requires that agencies 
conduct environmental impact reviews for major federal actions significantly affecting 
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the quality of the human environment.  The National Historic Preservation Act USC § 
470 et seq. (1966) requires the mitigation of potential adverse effects of licensed 
activities and properties listed or eligible for listing in the National Register of Historic 
Places.  The Coastal Zone Management Act 16 USC § 1451 et seq. (1972) was enacted to 
protect coastal zones and prohibits the issuance of NPDES permits for activities affecting 
land or water use in coastal zones unless the permit applicant certifies that the proposed 
activity complies with the State Coastal Zone Management Program.  The Wild and 
Scenic Rivers Act 16 USC § 1271 et seq. (1968) prohibits the construction of any water 
resources project that would have a direct, adverse effect on the values for which a 
national wild and scenic river was established.  The Fish and Wildlife Coordination Act 
16 USC § 661 et seq. (1934) requires consultation with the appropriate State agency, 
exercising jurisdiction over wildlife resources to conserve those resources.  The Essential 
Fish Habitat Provisions of the Magnuson-Stevens Act, 16 USC § 1801 et seq. (1976) 
promotes the protection of essential fish habitat in the review of projects that affect or 
have the potential to affect such habitat. 
 At a state level, the Pennsylvania Department of Environmental Protection 
enacted the Sewage Facilities Planning Authorizations, PA Act 537 et seq. (1966).  This 
was implemented to correct existing sewage disposal problems and prevent future 
disposal problems.  The Act requires proper planning in all types of sewage disposal 
situations.  Local municipalities are generally responsible for administering the sewage 
facilities program, although the Department of Environmental Protection will provide 
technical and financial assistance. 
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Also relevant to the Wissahickon Creek watershed are two City of Philadelphia 
codes, namely § 14-1603.2 Environmental Controls for the Wissahickon Watershed (Bill 
No. 1071, 1995), and § 14-1603.1 Storm Water Management Controls (Bill No. 960822, 
1998).  Section 14-1603.2 is in place to prevent environmental degradation from the 
hazards of erosion, siltation and channel enlargement within the Wissahickon Creek 
watershed. Controls are implemented to protect the health, safety and welfare of residents 
of the area, to improve surface water quality and to achieve sustainable development 
within the watershed.  Section 14-1603.1 concerns the effects of unmanaged storm water 
and land development upon the health, safety, and welfare of residents of Philadelphia. 
1.3 Microbial source tracking and indicator organisms 
 Given the background history of the Wissahickon Creek watershed in terms of land 
use, previous pollution incidents and water quality issues, the Philadelphia Water 
Department funded a research project to determine the sources of microbial 
contamination in the surface water.  This was in part due to the location of the Queen 
Lane drinking water intake located in East Falls on Kelly Drive, half a mile south of the 
confluence of the Wissahickon Creek with the Schuylkill River.  Approximately 80 
million gallons is withdrawn from the river per day, and it was estimated in the 
WCWCCR (PWD, 2007) that an average of 24% of water discharged by the Wissahickon 
Creek would be taken into Queen Lane.  This water facility serves approximately 
350,000 customers between the boundaries of the Schuylkill River and Broad Street (i.e. 
including a sizeable proportion of center city Philadelphia). Withdrawn water is 
coagulated, settled, filtered, and disinfected with chlorine prior to distribution to 
customers, to meet or exceed all state or federal requirements under the Safe Drinking 
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Water Act (1974). While the Act does not specifically mandate source water protection, 
the USEPA encourages states and communities to use the information from source water 
assessments to protect delineated source water areas from identified pollution sources of 
major concern. 
 The concept of microbial source tracking (MST) is the attempt to match a microbe 
(e.g. fecal bacterium) from a polluted site (e.g. water body) to a known source to suggest 
the origin of fecal pollution.  The microbe of choice should be particular to fecal 
discharge from a specific animal host and exhibit source-specificity, be detectable in the 
source, have temporal stability and geographic continuity.  Previous attempts at MST 
have typically devoted efforts to fecal indicator bacteria, although other organisms have 
also been employed for source tracking purposes. Fecal indicator bacteria are used to 
assess the microbiological quality of water because, although not typically disease 
causing, they are correlated with the presence of several waterborne disease-causing 
organisms. The concentration of indicator bacteria can be used as a measure of water 
safety for recreation or for consumption.  Based on the criteria proposed by Bonde 
(1966), the ideal fecal indicator bacteria would have the following characteristics: 
• Be present whenever the pathogens are present 
• Must not proliferate to any greater extent in the aqueous environment 
• Be present in much greater numbers than the pathogens 
• Be more resistant to environmental stresses 
• Be able to be detected by practical means 
• Concentrations in water should correlate to risk for infection/disease. 
Commonly used indicator organisms include total coliforms, E. coli, fecal streptococci, 
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staphylococci and bacteriophages (Toranzos et al., 2007). 
1.3.1 Total coliforms 
 Coliform bacteria were originally defined as facultative anaerobes (capable of 
growth both aerobically and anaerobically), rod-shaped, Gram-negative, non-spore 
forming organisms, that can ferment lactose with the production of acid and gas when 
incubated at 37°C for 24 to 48 hours (Toranzos et al., 2007).  The total coliform group 
includes the bacteria in the Escherichia, Enterobacter, Klebsiella and Citrobacter genera.  
The total coliform group of bacteria is the traditional tool for measuring bacterial quality 
of drinking water, and as demonstrated in Geldreich (1978), their occurrence in human 
feces is theoretically universal. 
1.3.2 Escherichia coli 
 E. coli is a member of the total coliform group and is found in the lower intestine of 
warm-blooded animals.  E. coli strains are typically harmless, but some serotypes, such 
as O157:H7 can cause disease in humans.  Traditionally, E. coli was denoted as part of 
the fecal coliform subset of total coliforms, but changing nomenclature now considers 
this group to be identified as thermotolerant coliforms.  This criteria is defined by their 
ability to grow and ferment lactose with the production of acid and gas when incubated at 
an elevated incubation temperature of 44.5°C ± 0.2°C.  E. coli is distinguished from other 
bacteria in the thermotolerant coliform group by its lack of urease (an enzyme that 
catalyzes the hydrolysis of urea into carbon dioxide and ammonia) and the presence of β-
glucuronidase (an enzyme that catalyzes the breakdown of complex carbohydrates) 
(Toranzos et al., 2007).  E. coli has been extensively used as a clearer measure of 
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potential fecal contamination in environmental samples, although its usefulness as an 
indicator bacterium in certain areas such as tropical regions is questionable as it is able to 
survive and multiply outside of host organisms in these environments. 
1.3.3 Fecal streptococci 
 Fecal streptococci are Gram-positive, acid-tolerant, generally non-sporulating, non-
respiring cocci bacteria.  There are two genera in the fecal streptococci group, namely 
Enterococcus and Streptococcus.  Enterococci are defined by their ability to grow at 10°C 
and 45°C, their resistance to 60°C for 30 minutes and growth at pH 9.6 and at 6.5% 
sodium chloride (NaCl) (Toranzos et al., 2007).  The enterococci genus is comprised of a 
number of species including Enterococcus faecium (E. faecium), E. faecalis, E. avium, 
and E. durans.  The fecal streptococci have been widely used as indicator organisms for 
fecal pollution as they are ubiquitous in warm-blooded animals, and research has shown a 
positive correlation between incidences of human gastrointestinal illness and 
concentrations of enterococci found in public waters (Kay et al., 2004). 
1.3.4 Staphylococci 
 The staphylococci are facultative anaerobes, and all species are able to grow in 
the presence of bile salts and 6.5% NaCl, and are catalase positive (an enzyme that 
catalyzes the decomposition of hydrogen peroxide to water and oxygen).  Perhaps the 
most well known member of the staphylococci genus is S. aureus, because of its 
occurrence as the nosocomial or hospital-acquired infection named methicillin-resistant 
Staphylococcus aureus (MRSA).  Its applicability as a fecal indicator organism is 
particularly related to its resistance to saline and chlorinated conditions (i.e. in coastal 
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waters and swimming pools), and providing representative correlations with 
microorganisms shed by swimmers (Toranzos et al., 2007). 
1.3.5 Bacteriophage 
 Bacteriophage are viruses that infect bacteria, and are ubiquitous in the 
environment as they can be found in any reservoir populated by bacteria, such as the 
intestines of animals.  Bacteriophage are diverse and for the purposes of microbial source 
tracking the most relevant organisms are somatic coliphages, F+-specific RNA 
bacteriophages, and those associated with Bacteroides fragilis (B. fragilis).  Somatic 
coliphages are specifically associated with E. coli, and are commonly used as indicators 
of human-derived pollution.  F+-specific RNA bacteriophages seem to multiply in 
sewerage systems and thus can be useful as an indicator of sewage (Toranzos et al., 
2007).  Bacteroides are Gram-negative bacilli bacteria that are non-endospore-forming 
and strictly anaerobic. B. fragilis is found in high concentrations in the human intestinal 
tract (Toranzos et al., 2007).  Because of their strictly anaerobic nature, they have not 
been observed to grow in the environment, and studying their bacteriophage (as opposed 
to the bacterium itself) has been recommended due to the human-specific nature of the 
virus. 
1.3.6 Limits of indicator bacteria in Pennsylvania’s waters 
 The surface water quality standards of Pennsylvania rely on thermotolerant (fecal) 
coliform counts of CFUs per 100 milliliters of water sample.  As listed in Pennsylvania 
Code, Title 25, Chapter 93, Water Quality Standards, for the designation of potable water 
supply and water contact sports the limits are as follows: 
  
24 
• Fecal coliforms per 100 mL - During the swimming season (May 1 through 
September 30), the maximum fecal coliform level shall be a geometric mean of 
200 per 100 mL based on a minimum of five consecutive samples with each 
sample collected on different days during a 30-day period.  No more than 10% of 
the total samples taken during a 30-day period may exceed 400 per 100 ml.  For 
the remainder of the year, the maximum fecal coliform level shall be a geometric 
mean of 2,000 per 100 mL based on a minimum of five consecutive samples 
collected on different days during a 30-day period.  
• Total coliforms per 100 mL - Maximum of 5,000 per 100 mL as a monthly 
average value, no more than this number in more than 20 of the samples collected 
during a month, nor more than 20,000 per 100 mL in more than 5% of the 
samples.  
For the Wissahickon Creek, with an official usage designation of trout stocking fishes, 
these regulations do not strictly apply.  However it is worth taking into account the methods 
by which surface waters are assessed when considering the aims and objectives of this 
research.  Additionally, with the Queen Lane water treatment facility less than one mile from 
the confluence of the Wissahickon Creek with the Schuylkill River, these limits are pertinent 
to the study area as a whole. 
1.4 Ideal source identifier characteristics 
 Based on requirements of a robust MST program, the ideal characteristics of the 
target organism and analytical method can be defined in more detail.  Analogous to the 
criteria proposed by Bonde (1966), the following issues to be considered in a source 
tracking effort, pertaining to bacteria and their occurrence in surface waters have been 
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referenced in a microbial source tracking guide document (USEPA, 2005b) with 
additional details from relevant literature. 
1.4.1 Host specificity 
The central hypothesis of MST relies on host specificity of fecal markers, such as 
microorganisms.  The selection of the target organism relies on the assumption that 
certain characteristics (e.g. taxon, molecular markers, occurrence) are specific to 
identifiable hosts.  The host-level classification depends on the purpose of the source 
tracking research.  For example, it may be adequate for the geographical area of interest 
to be able to distinguish between human and non-human sources of pollution for action to 
be taken to improve the water quality.  Thus the issue of host specificity would need to be 
suitable for classification at a two-way level.  Alternatively if the outcome of the research 
required a more detailed classification of the sources of microbial pollution (e.g. livestock 
vs. waterfowl), the host specificity of the microorganism and analytical methods would 
need to reflect this.  Thus the problem needs to be evaluated on a group level or a species 
level, depending on the purpose of the research. 
1.4.2 Distribution in host and environment 
 The distribution of microorganisms on host species is a component of host 
specificity, as this issue needs to take into consideration the occurrence of different target 
organisms in different host species, or their feces.  The ideal microorganism would be 
widespread in different hosts in the study area, as this would allow for a critical 
assessment of bacterial contributions from a variety of sources.  For example, Zoetendal 
et al. (2004) reviewed the gastrointestinal microbiota of mammals (including humans) 
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using a variety of molecular techniques.  It is also important to consider the cosmopolitan 
distribution of bacteria in the environment, as some microorganisms occur naturally and 
multiply in the water column, soils and sediments (Whitman and Nevers, 2003; Davies et 
al., 1995).  As previously mentioned, the use of E. coli as a target organism for source 
tracking in subtropical environments is questionable as it has been observed to proliferate 
in environmental waters and sediments in these regions (Anderson et al., 2005). 
1.4.3 Stability of pattern or marker 
Dependent on the choice of target organism and analytical method, the stability of 
the outcome of the analysis across organisms from the same host species, the same host 
group, and/or same sampling location is of vital importance to the design of the research.  
Without this attribute, the MST analysis is susceptible to changes across groups of host 
species, individually and by species.  For example, if the analytical method relies on 
determining antibiotic resistance patterns exhibited by E. coli from multiple host species, 
and this resistance changes over time or between individual hosts (e.g. by physiological 
responses or genetic drift), the relevance of the outcome is questionable as its stability is 
suspect.  Similarly, mutations in the DNA of bacteria isolated from host species can 
affect the outcome of patterns or markers used to differentiate the sources of microbial 
contamination.  A mutation in the genetic make-up of the target organism could render 
previous or future analyses incorrect. 
1.4.4 Temporal stability in host and environment 
With regards to the target organism, the stability of its occurrence over a specific 
time frame will determine how applicable it is for tracking the sources of microbial 
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contamination in a given area.  The ideal choice of target organism would be highly 
stable within host individuals or host groups, as this would allow for an effective 
evaluation of microbial contributions from the host through time.  In reality it has been 
shown that due to changes in diet, medication, or illness (Bell et al., 2008; Dethlefsen et 
al., 2006; Scanlan et al., 2006), the gastrointestinal flora of humans and animals changes 
over time.  Therefore the choice of target organism must be made by evaluating the 
stability of the organism at a host group level, with the intention of minimizing the effect 
of temporal variations at an individual level. 
1.4.5 Geographical range and stability 
The results generated from a particular geographical area and their applicability to 
other areas are issues that have been discussed in relation to the target organism and 
choice of MST method (Simpson et al., 2002).  This is an important consideration when 
evaluating new or existing methods for the development of a source tracking program.  
An example of the lack of geographical stability of E. coli was demonstrated by an MST 
effort that compared bacteria isolated from livestock in two states (Hartel et al., 2002).  
Using a molecular technique called ribotyping to determine the host specificity of E. coli 
isolates, the authors found that both within one state (Georgia) and between two states 
(Georgia and Idaho), the similarity of results between animals at different locations was 
low. Using the same molecular technique, a study undertaken by Scott et al. (2003) 
observed differences in the results of E. coli isolates from cows in different locations in 
Florida. 
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1.4.6 Representative sampling 
 The application of microbial source tracking typically involves the collection of 
environmental samples from the study area.  Depending on the characteristics of the 
location, this can include water sampling, fecal sampling, and at a general level, sampling 
from point and non-point sources of pollution.  The study area must be thoroughly 
evaluated to determine the best strategy for representative sampling of potential inputs of 
microbial contamination, whilst taking into account the feasibility of the effort involved.  
Selecting the sampling locations must be determined to give the most representative 
account of the geographical area.  The timing, number and frequency of samples must 
take into account temporal or environmental changes in the area.  The type of sample 
(e.g. single, composite, continuous) should best represent the nature of the sample source, 
and the sample volume should be appropriate for analytical purposes.  In any watershed, 
accounting for all potential sources of microbial contamination is unrealistic, thus 
decisions must be made regarding a simplified host classification approach. 
1.4.7 Relevance to regulatory tools and human health risks 
The choice of target organism can be influenced by the current methodologies 
employed in the regulation of water quality in the area of interest.  As previously 
mentioned, current US legislation requires that the coliform group of bacteria be used for 
compliance purposes.  It seems reasonable to suggest that these bacteria are also 
considered relevant for source tracking purposes in surface waters, as they have been 
extensively studied, standard operating procedures (SOPs) exist for their isolation, and 
the results can be correlated with human exposure to water-borne pathogenic organisms.  
However, it may be more appropriate in some instances to consider other target 
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organisms for analysis, particularly in reference to the desired outcome of the research.  
For example, choosing a target organism with a suitable host-specific marker to establish 
human vs. nonhuman source discrimination may be of particular interest in an area where 
the outcome of concern is human illness due to recreational use of a water body.  This is 
due in part to the assumption that human fecal material poses a greater human health risk 
than other types of fecal material due to their human specific pathogen content (Scott et 
al., 2002).  However it is important to understand that source tracking does not provide 
calculations of risk, but instead should be used as a tool to generate information that 
could be used towards a risk assessment. 
1.5 Source tracking methods 
When determining the most suitable method of detection for MST in a particular 
region, the authors of previous studies have taken a number of factors into consideration.  
The first consideration is usually the identification of potential sources of fecal indicator 
microbes in the region of interest.  These can be classified as human, livestock, wildlife 
or domesticated animals, and these in turn can be further classified into individual 
species.  Each source needs to be categorized as either point or non-point source.  Other 
considerations with regards to the geography of the study area include climate, land use, 
sewage system allocation, and population density. 
The second issue to be considered is the indicator organism that will be used for 
the analytical method.  Previous studies have concentrated primarily on bacteria such as 
E. coli, fecal streptococci, and Enterococcus spp.  Each of these organisms is susceptible 
to variability from three main sources, namely geography, time and diet.  Variations from 
the environment or host need to be recognized and accounted for prior to drawing 
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conclusions from analytical results.  Within-animal variations can also occur, as indicator 
bacteria can be affected by age, physiology or diet of the host, and interactions with other 
animals.  Also important is the host and geographical specificity of the organism, and the 
stability of the bacterial population through time.  Indicator organisms are used because 
they are associated with pathogenic bacteria in fecal pollution and typically occur at 
greater densities in fecal material then pathogens.  Thus they are usually easier and safer 
to analyze than their pathogenic counterparts. 
The analytical method for MST needs to be selected with consideration to the 
speed of detection required, and available resources.  The potential methods can be 
described as either phenotypic or genotypic, namely looking at the physical or genetic 
traits of the organism.  The methods are used to determine the possible source of 
indicator bacteria by comparing the results of the sample collected from a potentially 
polluted area (e.g. surface water) with a library of results from known sources (e.g. host 
species). 
Phenotypic methods can be further classified into biochemical or chemical 
methods.  Amongst others, antibiotic resistance analysis (ARA) is a biochemical method 
that has been extensively used in MST.  Genotypic methods are becoming more 
frequently used in MST because they typically give better discrimination among host 
species than phenotypic methods, as they may be less susceptible to change over time or 
geographical distance.  The two most frequently cited genotypic methods in the literature 
are ribotyping and polymerase chain reaction (PCR) genetic amplification techniques.  
Ribotyping uses fingerprint pattern generation for genomic 16S rDNA restriction 
fragment length polymorphisms, which are patterns based upon size differences of 
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fragments of deoxyribonucleic acid (DNA).  PCR-based methods use amplified DNA to 
determine differences in the genetic sequences of bacteria from different sources.  PCR 
analysis can be divided into conventional PCR, which would typically use gel 
electrophoresis to visualize the results of the DNA amplification, and real-time PCR, 
which allows for the quantification of the target organism DNA in the analyzed sample. 
A number of papers have attempted to compare the different methods of microbial 
source tracking that are available to researchers.  These review papers identified different 
phenotypic and genotypic methods that have been used in the relatively short history of 
MST, and where possible have recommended future directions for research which could 
prove valuable for water quality monitoring and remediation.  Simpson et al. (2002) 
assessed a number of techniques and target organisms, where the authors outlined the 
advantages and disadvantages associated with both phenotypic and genotypic methods.  
PCR-based techniques were highlighted as being of particular importance because they 
do not necessarily rely on the culturing of the target organism, are suitable for real-time 
monitoring, and show potential for tracking different genes concurrently.  However, an 
important disadvantage is the necessity to remove inhibitory substances (e.g., cations, 
humic acids) with thorough sample pretreatment.  With regards to the popular phenotypic 
method of ARA, the authors suggested that this was a valuable tool based on numerous 
MST studies due to its simplicity, low cost and good level of accuracy in species 
classification.  However, ARA might be a more practicable option for smaller, simple 
watersheds. 
Scott et al. (2002) discussed the different indicators organisms suitable for MST 
purposes, and evaluated a selection of microbiological, chemical, phenotypic and 
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genotypic methods.  With regards to microbiological methods, the main disadvantage 
was the inconsistent and often non-existence of target organisms in different 
environments or mediums.  The usefulness of chemical methods such as caffeine 
detection was questioned because of low sensitivity, expensive analysis and variable 
results.  Two phenotypic methods were considered, namely multiple antibiotic resistance 
analysis and immunological methods.  It was suggested that further research was needed 
to assess the importance of changes in antibiotic resistance through transference from the 
host to the environment.  Overall, the authors recommended more research into the 
relationship between indicator organisms and pathogens, and that multiple source 
tracking methods be used in future studies to compare the results of different techniques. 
Sinton et al. (1998) compiled a comprehensive review of the uses of MST and 
possible future directions for research.  The authors concentrated on microbial speciation, 
biochemical reactions, assemblages and ratios, and DNA profiles.  Microbial source 
indicators were discussed in detail and included measuring fecal coliform:fecal 
streptococci ratios and the enumeration of bifidobacteria, Bacteroides spp., B. fragilis, F+ 
RNA coliphage, and Rhodococcus copraphilus.  Chemical indicators included fecal 
sterols, and compounds associated with detergents.  Fecal sterols introduce variability 
that can be used to identify the host species because of the different diets and digestion 
processes between host species.  Washing detergent byproducts such as fluorescent 
whitening agents can be used in MST as an indicator of human sewage as they are 
discharged from domestic wastewater systems.  The authors were not able to recommend 
a single microorganism or chemical detection technique, as there were limitations to each 
method that would influence their suitability in differing environments.  Instead it was 
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suggested that a multivariate approach combining microbial and chemical methods would 
be a more successful strategy for the successful identification of sources of fecal 
pollution. 
Meays et al. (2004) provided a more recent review of current MST methodology, 
discussing seven molecular methods and three non-molecular methods.  The authors were 
unable to propose a standard method for future MST research considering the variability 
of environmental conditions and host species, in addition to the resources available to 
researchers in terms of time, money and facilities.  Instead they suggested more 
comparison studies to help evaluate the available methods, and the publication of field 
protocols detailing the number of samples collected, the number of sites visited in a 
watershed and the number of isolates identified. 
1.5.1 Library-independent source tracking methods 
 As is clear from the review articles outlined above, there is no consensus of 
opinion as to the most appropriate MST analytical method for a particular study regions.  
However it is possible to examine the possible methods by classifying them into two 
broad categories, namely library-independent or dependent.  As the name implies, 
library-independent methods do not necessarily require the construction of a known 
source dataset, to which unknown samples are compared.  However, it is not fair to 
assume that library-independent approaches do not rely completely on a library of data, 
as the development of new analytical methods sometimes relies on the existence of 
results from known host species essential for the validation of the method.  The merits of 
library-independent methods include a potential reduction of geographical variability and 
higher sample throughput.  However the sensitivity and specificity of library independent 
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methods can be an issue, and as many new molecular methods are developed to decrease 
the reliance on library-dependent methods, the potential of these methods has not been 
fully evaluated.  The earliest attempts at developing library-independent source tracking 
methods focused on the ratio of fecal coliforms to fecal streptococci (Geldreich and 
Kenner, 1969).  Although this method is no longer considered a reliable method of 
assigning a host source to fecal contamination of surface waters, library-independent 
methods continue to be developed for MST purposes. 
1.5.2 Library-dependent source tracking methods 
Library-dependent source tracking methods require a library of data to be 
compiled using analytical methods appropriate to the target organism.  Perhaps the 
specific concept of a library-dependent approach to determine microbial sources was first 
mentioned in Kelch and Lee (1978), in reference to antibiotic resistance patterns of 
Gram-negative bacteria.  To this library of known sources, the results of the analysis from 
unknown sources, such as isolates derived from surface water, are compared.  The 
isolates collected from a water body are considered to have unknown provenance, thus 
the library of known source results is used to infer a suitable classification of origin.  This 
method requires either a limited number of host-specific types per source or within-host 
relatedness among the many types. The existence of cosmopolitan isolates suspected to 
originate from multiple sources, a high diversity of isolates within the known source 
groups, and lack of relatedness among isolates from the same host are the major issues 
with library dependent methods.  However, an extensive number of studies incorporating 
a variety of analytical methods have already been implemented in the US, and this allows 
for better comparison for the application of a source tracking method to a new 
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geographical area.  For this and other reasons, including the novel application of MST to 
the Wissahickon Creek watershed, the focus of this research uses library-dependent 
methods.  As such, the next section focuses particularly on two library-dependent 
methods, with examples of their employment in previous studies and how their 
applicability to the Wissahickon Creek was evaluated. 
1.5.3 Polymerase chain reaction-based methods 
PCR-based methods use multiple copies of DNA fragments by replicating a gene 
to create enough starting template for sequencing.  There are three steps to the PCR 
cyclic process: denaturation, annealing and extension.  During denaturation, the double 
strand melts open to single-stranded DNA, and enzymatic reactions cease.  Annealing is 
where an excess of primers relative to the amount of DNA being amplified is added, 
causing double-strands to form again binding to the primers, instead of to each other.  
Extension is where an enzyme called DNA polymerase (usually the Thermus aquaticus or 
Taq enzyme) is added to read the opposing strand's sentence and extend the primer's 
sentence by bringing letters together in the order in which they pair across from one 
another (A:T and C:G).  The cycle is repeated multiple times to create copies of one 
particular region of DNA.  Using different primers will cause different sections of DNA 
to be copied.  Repetitive sequence-based PCR (rep-PCR) is a commonly used method in 
microbial source tracking, and variations on this method include BOX-PCR and 
enterobacterial repetitive intergenic consensus (ERIC) PCR.  The name BOX-PCR was 
first mentioned in Martin et al. (1992) and refers to three fragments of DNA in 
Streptococcus pneumoniae.  Advantages of PCR analysis include its simplicity, accuracy 
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and speed, and with regards to genotypic methods in general, the decreased influence of 
environmental effects compared to phenotypic analysis. 
Johnson et al. (2004) used two variations of the PCR technique to genotype E. 
coli isolates from thirteen host species (human, cattle, pig, sheep, goat, turkey, poultry, 
duck, goose, deer, horse, dog, cat) from areas throughout Minnesota and western 
Wisconsin.  PCR (using the BOX-A1R primer) fingerprinted 2,466 isolates, and 
horizontal fluorophore-enhanced rep-PCR using the (BOX-A1R and 6-FAM primers) 
fingerprinted 1,531 isolates.  The objective of the study was to create databases of 
known-source isolates and evaluate the usefulness of the methods for differentiating 
human and non-human E. coli sources.  The rep-PCR method generated 25 to 40 PCR 
product bands from the isolates, and these were analyzed using jackknife analysis based 
on the Pearson’s product-moment correlation coefficient.  The rates of correct 
classification (RCCs) ranged from 8% (sheep) to 74% (turkey), with an average rate of 
correct classification (ARCC) of 61%.  When the results were analyzed based on two-
way classification (animal vs. human) the RCCs for animals increased significantly, but 
decreased slightly for humans (ARCC = 88%).  Using Pearson’s correlation coefficient 
the RCC for animal isolates was 94%, and for human it was 54% (ARCC = 88%).  
Jaccard coefficient of similarity calculations produced similar results.  The research team 
concluded that their results supported the hypothesis that rep-PCR techniques are useful 
for differentiating between different sources of E. coli isolates, but genetic diversity in 
the indicator organism was the most likely reason for the lower RCCs for some host 
species.  Their suggestions to overcome this issue were by the removal of duplicate 
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genotypes, increased database size, and review of the methods of statistical analysis, 
where the Pearson’s method seemed to produce superior results. 
Dombek et al. (2000) used rep-PCR and a combination of primers to fingerprint 
208 E. coli isolates from seven host species (human, cattle, swine, geese, ducks, poultry, 
sheep) from different locations in Minnesota.  The rep-PCR fingerprinting was 
undertaken using different combinations of three primers, namely REP1R+REP2I; BOX-
A1R; BOX-A1R+REP1R+REP2I. The fingerprinting technique typically generated 25 to 
40 PCR product bands from the isolates ranging in size from less than 300 base pairs (bp) 
to approximately 4,500 bp, and these were analyzed using Jaccard coefficient similarity 
calculations and jackknife analysis.  The BOX-A1R primer used alone gave RCCs 
ranging from 93% (sheep) to 100% (cows), the REP primers gave RCCs ranging from 
35% (ducks) to 90% (human), and BOX-plus-REP primers gave RCCs ranging from 74% 
(geese) to 100% (chickens, cows).  The research team concluded by suggesting that rep-
PCR is a promising method for MST using E. coli isolates, and the use of BOX-A1R 
primers seemed superior to REP primers either alone or in combination. 
McLellan (2004) used rep-PCR with REP1R+REP2I primers to fingerprint 924 E. 
coli isolates from seven host species (human, cattle, gulls, dogs, raccoons, pelican, bison) 
from a variety of sites in Wisconsin over a three-and-a-half-year period.  The pelican and 
bison fecal samples, obtained in Florida and Utah respectively, were included in the study 
to test spatial variations in the E. coli strains.  Pearson’s correlation coefficient was used 
to evaluate the pairwise similarity of the DNA bands, cluster analysis (CA) was used to 
measure similarity between strain types, and jackknife analysis assessed the accuracy of 
host or environment assignment to generate RCCs.  CA did not reveal distinct groupings 
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of strains by host type, with overlaps for sewage and gull isolates in particular.  
Analyzing the results from all sources (host and environmental groups), the jackknife 
analysis generated RCCs ranging from 38% (river: combined sewer overflow) to 87% 
(dogs and raccoons grouped) (ARCC = 67%).  The inclusion of bison and pelican E. coli 
strains showed that there was some similarity between these isolates and those from 
Wisconsin despite the spatial difference.  The author’s conclusions referred to the lower 
than expected diversity among strains from stormwater with regards to the inputs of fecal 
bacteria to this source.  The author suggested that this could indicate that 
interrelationships among strains are not primarily host-dependant. 
1.5.4 Antibiotic resistance analysis 
ARA is a library-dependent phenotypic method using antibiotic resistance 
patterns to identify fecal sources, based upon the premise that different host populations 
are exposed to, and develop resistance to, different antibiotics.  This method has been 
widely used by many research groups because it is relatively easy to perform and 
interpret.  However it has been noted that antibiotic resistance can be changed or 
transferred spatially and temporally, and isolates that show no resistance cannot be easily 
categorized. 
Hagedorn et al. (1999) used ARA to analyze 7,058 fecal streptococcus isolates 
from six host species (human, beef cattle, dairy cattle, deer, poultry, geese and ducks) in a 
30 km2 watershed and 3.2 km stream in Virginia.  The objective of this study was to 
determine the sources of fecal pollution in the selected area, and validate a method 
previously used by Wiggins (1996).  Thirteen antibiotics were evaluated and isolates 
were considered resistant to an antibiotic if growth was comparable to that of the 
  
39 
controls.  Cluster analysis was used to show how well the separations between sources 
were occurring, and excellent separation was shown between dairy cow and chicken, and 
dairy cow and human isolates, among others.  Some overlap did occur between chicken 
and human isolates.  Discriminant analysis (DA) gave RCCs of 84% (deer) to 93% 
(human) (ARCC = 87%), and based upon the results of the study it was decided to restrict 
accessibility of cattle to the stream.  This resulted in a reduction in excess of 50% of 
isolates identified as being from beef cattle, and an overall reduction in fecal coliforms of 
between 60% and 96% in the subsequent year. 
Wiggins (1996) used ARA to analyze 1,435 fecal streptococcus isolates from five 
host species (human, beef cattle, dairy cattle, poultry, turkey), and also included samples 
of pristine water from two streams and water polluted from multiple sources from two 
streams.  The objective of this study was to assess the feasibility of using ARA to 
differentiate human and animal sources of fecal pollution in natural waters.  Five 
antibiotics were evaluated based on their widespread use in animals and humans 
(chlortetracycline, halofuginone, oxytetracycline, salinomycin, streptomycin) and an 
isolate was considered resistant if growth occurred on the antibiotic agar plate.  DA was 
conducted using both separate and pooled sources and combinations of drugs.  Using six 
separate host species and five separate antibiotics RCCs ranged from 55% (turkey) to 
92% (human) (ARCC = 72%).  When sources were pooled into four groups (cattle, 
human, poultry, wildlife) RCCs ranged from 72% (wildlife) to 90% (human) (ARCC = 
82%).  When four of the five antibiotics were pooled to form one group, the RCCs ranged 
from 75% (wildlife) to 93% (human) (ARCC = 84%).  The author acknowledged that 
there could be a problem in spatial or temporal variation with ARA. 
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Guan et al. (2002) used ARA to analyze 319 E. coli isolates from nine host 
species (human, beef cattle, dairy cattle, sheep, goat, pig, turkey, deer, moose) in 
southern Ontario.  The objective was to evaluate three methods for differentiating E. coli 
from different hosts to predict the sources of fecal pollution in water.  Fourteen 
antibiotics were evaluated (including streptomycin, chloramphenicol, neomycin, 
tetracycline as used by Hagedorn et al. (2003)), selected because of their use in animal 
husbandry.  When using DA for nine separate host species, RCCs ranged from 0% 
(goose, dairy cattle) to 100% (moose) (ARCC = 44%), but when groups were reclassified 
into three groups, the RCCs were 95% (wildlife), 46% (livestock) and 95% (human).  
Misclassification most commonly occurred when goose and cattle were classified as 
moose because these groups displayed zero resistance to antibiotics.  The research team 
noted that ARA was the simplest and least expensive approach of the three methods they 
employed.  However they suggested that the problems with misclassification could be 
related to the diets of the host species or the digestive physiology of some of the host 
species, as the isolates from cattle were not resistant to any of the tested antibiotics. 
1.5.5 Alternative library-dependent analytical methods 
PCR-based methods and antibiotic resistance analysis are two of many library-
based source tracking methods used to determine the sources of bacterial contamination 
in surface waters.  Other commonly used library-based MST tools include ribotyping and 
amplified fragment length polymorphism (AFLP).  Table 4 gives an overview of some 
prominent studies that have used ribotyping, ARA, AFLP, and PCR-based source 
tracking tools. 
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Ribotyping uses fingerprint pattern generation for genomic 16S rDNA restriction 
fragment length polymorphisms, which are patterns based upon size differences of DNA 
fragments.  Restriction enzymes are used to cut the fragments of DNA and multiple 
restriction enzymes can be used to increase the discriminatory power.  The main 
advantages of this method are that it is easy to perform and interpret, and automation is 
possible.  However despite these advantages it is time-consuming and expensive, and it 
has been described as a tedious method because a large number of isolates are needed for 
good discrimination.  
AFLP is a genotypic fingerprinting method that uses the entire genome to identify 
polymorphisms, unlike other methods that use fragments of the DNA sequence.  It is a 
versatile method of DNA analysis that has been applied to many different types of DNA 
samples (e.g. human, animal, plant and microbial).  It has high discriminatory power, 
generates highly reproducible results, and can be automated, digitized and standardized 
for long-term database management.  However expensive equipment is required in the 
form of a DNA sequencer and appropriate software for data analysis. 
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Table 4 Selected previously used source tracking analytical methods 
Geographic 
region 
Indicator 
organism 
Number of 
isolates 
Enzyme/ 
Primer 
RCC % 
(range) 
Reference 
AFLP 
Ontario E. coli 105 EcoRI-A 
MseI-G 
85 – 100 Guan et al., 
2002 
Ontario E. coli 105 EcoRI-C 
MseI-CA 
71 – 100 Guan et al., 
2002 
N. America 
Europe, 
Australia 
E. coli 110 EcoRI-G 
MseI-A 
90 – 97 Leung et al., 
2004  
ARA 
Virginia Fecal 
streptococci 
7,058 N/A 84 – 93 Hagedorn et 
al., 1999 
Virginia Fecal 
streptococci 
1,435 N/A 55 – 92 Wiggins, 
1996 
Ontario E. coli 319 N/A 0 – 100 Guan et al., 
2002 
Rep-PCR 
Minnesota E. coli 208 REP1R 
REP2I 
35 – 89 Dombek et 
al., 2000 
Minnesota E. coli 208 BOX 
A1R 
93 – 100 Dombek et 
al., 2000 
Minnesota E. coli 208 BOX 
A1R + 
REP1R 
73 – 100 Dombek et 
al., 2000 
Minnesota 
Wisconsin 
E. coli 2,466 BOX 
A1R 
7 – 73 Johnson et 
al., 2004 
 
Wisconsin 
(Florida, Utah) 
E. coli 924 REP1R 
REP2I 
37 – 86 McLellan, 
2004 
Ribotyping 
Missouri E. coli 287 HindIII 48 – 95 Carson et al., 
2001 
Florida E. coli 238 HindIII 
EcoRI 
SalI BglI 
67 – 100 Parveen et 
al., 1999 
 
 
 
1.5.6 MST toolbox approach 
The source tracking strategy for the Wissahickon Creek watershed combines a 
phenotypic method (ARA) with a genotypic method (BOX-PCR) targeting two different 
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bacteria.  This combination of different yet complementary techniques applied to the 
same set of isolates has been termed a toolbox approach.  There is some controversy over 
the use of genotypic versus phenotypic methods within the MST field, but these methods 
can be viewed as complementary, rather than mutually exclusive.  Genotypic methods, in 
general, are more precise, yet often complex, costly, and time consuming.  Most 
phenotypic methods are often less precise in identifying microbial contamination sources 
but are generally simpler and less costly in terms of hardware and reagents.  By using a 
toolbox approach, it is possible to increase statistical confidence by obtaining similar 
results from different methods and increasing the amount of data generated from an 
isolate set by identifying sources from one method that the other was unable to identify. 
Using the toolbox approach to select appropriate source tracking methods for a 
particular monitoring study can be highly effective.  In addition, utilizing multiple 
microbial indicators in a monitoring study can help to provide a much more complete 
picture of impaired sites.  A recent example of the implementation of a toolbox approach 
is the combination of rep-PCR, coliphage typing, and Bacteroidales 16S rDNA host-
associated markers in a watershed in Nebraska (Vogel et al., 2007). 
1.6 Quality assurance and quality control 
 The quality assurance and quality control (QA/QC) component of a source 
tracking project is intrinsic to the study design, implementation and analysis.  The 
USEPA guide document (USEPA, 2005b) provides a detailed discussion of the aspects of 
QA/QC that need to be taken into account when conducting MST research.  Also, section 
9020 of Standard Methods for the Examination of Water and Wastewater (2007) gives 
  
44 
rigorous advice for laboratory QA/QC procedures when dealing with water and 
wastewater samples. 
1.6.1 Specificity and sensitivity 
 Specificity is the ability of a particular MST method to discriminate between 
different fecal hosts or other suitable sources of contamination. Although there is 
currently no consensus of opinion and it lacks a truly statistical evaluation, it has been 
suggested that specificity values below 80% percent reflect questionable discriminatory 
power of the analysis (USEPA, 2005b). 
In MST language, a sensitivity value is usually referred to as the rate of correct 
classification and is typically recorded for each animal or group source included in the 
analysis.  This is commonly reported as an overall or average rate of correct 
classification. Sensitivity values should be determined from a set of characterized 
standards from known fecal sources (USEPA, 2005b). 
1.6.2 Identical replicates 
 The use of identical replicates in the analysis of the samples is necessary to 
determine precision when conducting laboratory procedures and interpreting the results.  
To better illustrate the use of identical replicates, during the analysis of the Wissahickon 
Creek isolates, each batch or group of isolates tested by PCR or ARA procedures 
included at least one duplicate.  Because of issues pertaining to the interpretation of the 
ARA results, the experiments were conducted in triplicate.  The BOX-PCR analysis 
included laboratory duplicates for both the amplification and the gel electrophoresis 
(visualization) procedures. 
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1.6.3 Experimental replicates 
 Field or experimental replicates are another tool to determine the precision of the 
isolate analysis.  Experimental replicates differ from duplicates in that they are subject to 
the same procedures in the laboratory, but they are sampled independently in the 
environment.  The sampling strategy in the Wissahickon Creek watershed included the 
provision for experimental replicates whenever possible, meaning that if enough sample 
material was available, duplicates would be collected and analyzed. 
1.6.4 Method positive control 
 To ensure the laboratory procedures are performing as expected, method positive 
controls are integral to the study design as defined in method SOPs.  Using the 
Wissahickon Creek isolates as an example, American Type Culture Collection (ATCC) 
strains were included in all phases of the analytical procedures.  ATCC is a resource 
center for the development and distribution of standard reference microorganisms for 
research purposes.  Based on the recommendations of standardized protocols used in the 
analysis, the suggested ATCC strains of bacteria were used to verify the performance of 
culture media, biochemical confirmation, DNA extraction, ARA methodology and BOX-
PCR amplification.  Specifically for the purposes of the PCR-based method, a 
commercially prepared sample of pure bacterial DNA was used as a positive control to 
monitor the amplification of DNA lysed (extracted) from isolates. 
1.6.5 Blank samples 
 Contamination can be an issue at all stages of laboratory procedures, from initial 
acquisition to final examination.  Field blanks are used to determine contamination that 
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could occur during sample collection, and method or laboratory blanks are used to check 
for contamination during analysis.  The field blanks are typically purified, sterile water 
that is collected using the same sample apparatus as environmental water samples.  The 
choice of laboratory blank is dependent on the procedure.  For example, the filtering of 
water samples could include a deionized water sample treated as an environmental 
sample.  The ARA procedure included method blank agar plates to determine that 
bacteria were not being transferred between antibiotic-dosed plates.  The BOX-PCR 
method included nuclease-free water ‘samples’ or method blanks to ensure that rogue 
DNA was not contaminating the reaction. 
1.6.6 Other quality control considerations 
 In addition to the procedures described above, routine laboratory ‘good practice’ 
is essential for accurate and reliable sample handling and data generation.  This concerns 
all aspects of laboratory tasks, such as autoclaving instruments and reagents as required, 
flame sterilizing instruments, maintaining a clean workspace with the use of appropriate 
decontaminants, ensuring reagents are stored under appropriate conditions, maintaining 
the correct temperatures for freezers, refrigerators and incubators, and aseptic techniques.  
These measures are not merely for the generation of accurate data, but are in place to 
protect laboratory personnel.  Standardized protocols such as those developed by 
American Public Health Association/American Water Works Association/Water 
Environment Federation or the USEPA are acknowledged in this thesis.  SOPs that 
required modification from their original published versions for the Wissahickon Creek 
isolates are included in Appendix D. 
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1.7 Statistical data analysis 
Previous MST studies show that two forms of data analysis are typically 
described, namely classification methods and tests for statistical significance.  Most 
researchers use classification methods to map the isolate data into one of several 
predefined classes, by applying rules, boundaries or functions in order to identify the 
classes or groups.  The tests of statistical significance are applied for one or more of the 
following reasons: 
• To determine rates of correct classification. 
• To determine rates of false positives or false negatives between or within groups. 
• To evaluate the significance of the results. 
• To determine the probability of obtaining similar separation between groups due 
to random classification. 
The most frequently cited classification methods are discriminant analysis, cluster 
analysis with Unweighted Pair Group Method with Arithmetic mean (UPGMA), single 
linkage, complete linkage, neighbor joining, or Ward clustering algorithms, and nearest 
neighbor algorithms.  Each of these previously used methods has its strengths and 
weaknesses, and by reviewing the application of these methods in a selection of previous 
MST studies, it was possible to evaluate their application to this study.  Table 5 
summarizes the most frequently employed statistical methods used in prior studies, where 
the number of isolates is from multiple known and unknown sources. 
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Table 5 Examples of statistical analyses for microbial source tracking data 
Reference Method # Isolates Statistical 
Significance Test 
Classification Method 
Dombek et al. 
(2000) 
BOX-
PCR 
208 Jaccard similarity  
Jackknife; 
MANOVA 
Discriminant Analysis 
Mohapatra and 
Mazumder 
(2008) 
BOX-
PCR 
271 Jackknife 
Pearson’s 
Hierarchical Cluster 
Analysis 
Discriminant Analysis 
Hassan et al. 
(2005) 
BOX-
PCR 
1,414 Jackknife; 
Cosine, Pearson’s, 
Jaccard. Dice,  
Jeffrey’s x, Ochiai  
- 
Albert et al. 
(2003) 
BOX-
PCR 
548 Jackknife;  
Hold-out test;  
Kolmogorov-
Smirnov 
Pearson’s 
Penalized Discriminant 
Analysis;  
k-nearest neighbor 
Cluster Analysis 
Anderson et al. 
(2006) 
ARA 883 Dice 
ANOVA 
Cluster Analysis 
Wiggins 
(1996) 
ARA 1,435 - Discriminant analysis 
Wiggins et al. 
(1999) 
ARA 2,635 - 
5,990 
- Discriminant analysis 
Wiggins et al. 
(2003) 
ARA 6,587 
(max) 
Jackknife 
Hold-out test 
Discriminant analysis 
Harwood et al. 
(2003) 
ARA 300 
(max) 
Fisher’s exact test 
Pearson’s 
Discriminant analysis 
Ritter et al. 
(2003) 
BOX-
PCR; 
ARA 
300 
(max) 
Jaccard (MS, AS, ID 
Bootstrap) 
Discriminant analysis 
Nearest neighbor 
Anderson et al. 
(2008) 
ARA 188 Fisher’s exact test - 
Somarelli et al. 
(2007) 
BOX-
PCR 
145 Jaccard similarity 
Jackknife 
Wilk’s Lambda 
statistic 
Canonical 
Discriminant analysis 
 
 
 
 
The series of papers published by Professor Bruce Wiggins’ research group at 
James Madison University details the use of discriminant analysis (DA) to analyze ARA 
datasets.  DA is achieved by dividing sample space by a series of lines or hyperplanes in 
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two or more dimensions, where the line dividing two classes is drawn to bisect the line 
joining the centers of those classes.  The direction of the line is determined by the shape 
of the clusters of points.  Wiggins (1996) and Wiggins et al. (1999) used this method to 
construct source-by-source matrices of data.  The data were classified at a source 
(species) level and subsequently pooled to give animal versus human classifications. 
In a subsequent paper (Wiggins et al., 2003), jackknife analysis was used to 
estimate the rates of correct classification within the groups of data.  Jackknife analysis 
can be used to test the groups or libraries of known source data through the ‘pulled-
isolate’ or ‘pulled-sample’ approach.  The ‘pulled-isolate’ method tests the library of data 
against each isolate individually.  The ‘pulled-sample’ method is a similar concept, but 
instead of removing just one isolate each time a test is performed, all other isolates from 
the same fecal sample are removed from the library prior to jackknife analysis.  
Throughout the three papers published by the Wiggins group, DA was conducted with 
prior knowledge of sources, using the term ‘prior probabilities, equal’.  This means that 
in the case of Wiggins (1996) where there are six known source groups, equal prior 
probabilities is given a value of 0.17 for the DA.  As described in Price et al. (2006), this 
method acknowledges ignorance concerning the source contributions thus giving an 
unbiased classification model.  Wiggins et al. (2003) introduced jackknife analysis into 
the advanced dataset to determine the representativeness of the library of ARA data.  A 
removed isolate (or group of isolates from the same fecal sample) was classified based on 
the library to determine if it was being assigned to the correct source group.  The 
advantage of conducting the ‘pulled-sample’ method over the ‘pulled-isolate’ method is 
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the exclusion of clonal isolates that could make the library seem more representative than 
it actually is. 
Harwood et al. (2003) used the same DA method as the Wiggins research group 
to analyze their ARA dataset.  Because this research also used carbon source utilization 
for isolates derived from the same set of water, wastewater influent and fecal samples, 
Fisher’s exact test was used to determine the significance of differences in correct 
classification rates between the datasets from each method.  Fisher’s exact test is used to 
examine the significance of the association between two variables in a 2 x 2 contingency 
table, similar to a chi-square test but more appropriate for smaller sample sizes to 
compute a probability or p-value.  The authors also used Pearson’s correlation to test the 
average rate of correct classification with the percentages of true positives and false 
positives in the water samples.  Pearson’s test measures the correlation between two 
variables to measure the strength of linear dependence between two variables, generating 
a value between +1 and -1. 
The aim of Ritter et al. (2003) was to use a number of popular MST statistical 
methods on six independent libraries of isolates from four known source groups.  Three 
libraries were constructed using ARA, and three were constructed using the BOX-PCR 
method.  DA was employed using the same method as the Wiggins research group.  The 
other statistical analyses were maximum similarity, average similarity, nearest neighbor 
and ID bootstrap.  Maximum similarity uses Jaccard, Dice or simple matching 
coefficients to generate the most similar match for group allocation.  For the PCR data 
Dice and Jaccard compare DNA banding profiles (lanes) by using band matches, while 
simple matching makes a comparison of the profiles of the lanes.  The authors suggested 
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using the Jaccard coefficient because it ignores missing DNA bands in PCR data, only 
attempting to match bands that are present. 
Average similarity is a classification method similar to maximum similarity, but 
instead of classifying an unknown isolate to a group in which there is a known isolate that 
is most similar, it classifies the unknown isolate to the group with the most similar 
average match within the group. 
The nearest neighbor classification algorithm is employed by classifying an 
unknown isolate by a majority vote of its neighbors, with the unknown being assigned to 
the group most common amongst its nearest neighbors.  It is a non-parametric alternative 
to DA, as it does not assume that the distribution of the data is normal.  The nearest 
neighbor algorithm is a similar concept to maximum similarity, but instead of using 
Jaccard, Dice or simple matching coefficients to define proximity, Mahalanobis or 
Euclidean distances are used to assign groups.  Mahalanobis distance is calculated 
irrespective of the scale of the measurement, whereas Euclidean distance is ‘ordinary’ 
distance as would be measured by a ruler.  The use of k nearest neighbor allows the user 
to define how the number of neighbors to which an unknown is compared.  One nearest 
neighbor (i.e. k = 1) would be an example of a maximum similarity approach, as the 
unknown would be compared to only one neighbor.  The appropriate number of 
neighbors can be determined on previous recommendations or by evaluation of the data 
set.  However, as this method relies on a ‘majority rule’ to determine the classification of 
the unknown isolate, it is preferable to have the value of k equal an odd number. 
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The recommendations of Ritter et al. (2003) were as follows: 
• Visualize the data (e.g. with cluster analysis) as a preliminary means of 
understanding the data, choosing the measure of distance carefully to maximize 
an understanding of overlap among data from different sources. 
• Assess library representativeness (e.g. with jackknife analysis), especially using 
the ‘pulled-sample’ method for unbiased estimates of correct classification. 
• Manage all zero-patterns (e.g. in ARA data where an isolate showed no resistance 
to any antibiotics) by using exact matching methods, simple matching or 
Euclidean distance. 
With regards to the visualization of MST data, cluster analysis (CA) is a method 
that is typically used in conjunction with other classification methods, as opposed to 
being a stand-alone method of analyzing the data.  Mohapatra and Mazumder (2008) 
compared the efficacy of five PCR-based MST methods using hierarchical CA and DA.  
Additionally, jackknife analysis was used to test the representativeness of each PCR-
generated library.  Cluster analysis was performed using UPGMA, which calculates 
cluster membership based on the average linkage distance between each member of a 
cluster, and Pearson’s correlation coefficient.  The results of the cluster analysis were 
subjected to DA, with a hold-out analysis using the jackknife algorithm to determine 
correct classification in the libraries that represented seven water sampling sites.  A 
typical cluster analysis and dendrogram presented by Mohapatra and Mazumder (2008) is 
shown in Figure 6, with the gel electrophoresis lanes included for comparison. 
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Figure 6 The use of cluster analysis to analyze PCR-derived data  
(Source: Mohapatra and Mazumder (2008)) 
 
 
 
The application of CA in combination with other classification methods and a 
number of statistical tests was presented by Albert et al. (2003).  The authors combined 
CA using UPGMA and Pearson’s correlation coefficient, with DA and k-nearest neighbor 
analysis.  Jackknife analysis, with hold-out, was used to test the classification accuracy of 
two libraries of BOX-PCR data, and a Kolmogorov-Smirnov (K-S) test was used to 
calculate the significance of differences in observed probability distributions.  The K-S 
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test is a non-parametric method to compare probability distributions either between two 
samples, or between a sample and a presumed probability distribution.  The conclusions 
of Albert et al. (2003) were that conducting statistical analyses to augment classification 
procedures generated from gel-specific software was a valid exercise.  As gel-specific 
software is typically closed-source, it can limit the user’s understanding of the data 
analyses performed. 
1.8 Objectives and hypotheses of the current work 
1.8.1 Research objectives 
 The overarching objective of the research presented in this document is to identify 
the dominant sources of fecal indicator bacteria in the Wissahickon Creek.  This was to 
be achieved through the use of library-dependent source tracking methods, using two 
target organisms.  Through the isolation of E. coli and Enterococcus spp. from surface 
water, WWTP effluent and multiple host fecal samples ARA and BOX-PCR analytical 
methods were selected to classify the bacteria in the creek water.  The use of these 
techniques would assist the implementation of a targeted approach to watershed 
management practices.  In addition to isolates collected from the water of the 
Wissahickon Creek, water samples collected from an unnamed tributary of the creek and 
from a tributary of the Pennypack Creek (both located in Philadelphia County) were to be 
used as ‘demonstration’ sites.  The demonstration sites were chosen based on limited 
suspected sources of fecal contamination to better determine the feasibility of the MST 
toolbox approach. 
The choice of statistical methods to analyze the data was an important component 
of the study design.  This was influenced partly by statistical tests and classification 
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methods used in prior MST studies, and the suitability of the data generated in the current 
research to popular and alternative statistical methods.  Previous studies have sometimes 
relied on very large datasets to determine the rates of correct classification among known 
source groups, and in turn have relied on a large number of isolates to determine the 
sources of bacteria of unknown origin in surface waters.   
Given the scale of the current research, an additional objective of the study was to 
determine whether an optimal choice of statistical methods could be used to classify 
isolates using a smaller, more manageable library of isolates.  In turn, the use of two 
target organisms isolated from the same samples was evaluated in terms of the additional 
data generated using a toolbox of MST methods, in the hope that this approach would 
provide a more reliable evaluation of fecal indicator sources in the Wissahickon Creek. 
1.8.2 Research hypotheses 
1. The dominant bacterial inputs into the urban watershed can be characterized using 
library-dependent source tracking approaches. 
The first hypothesis concerned the underlying premise of MST, as it demands an 
evaluation of the overall strategy of the source tracking effort in the Wissahickon Creek.  
The sampling strategy of bacterial hosts must reflect the characteristics of the watershed, 
and since it was unreasonable to sample from all hosts in the area, the sampling regime 
must be justifiable in terms of which hosts were included.  The use of E. coli and 
enterococci isolates from known sources had to be substantiated, and their 
characterization using PCR-based DNA fingerprints and ARA profiles.  It should be 
recognized that the choice of host species affects the relative abundance of the target 
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organisms obtained from environmental sampling, and this reflects on the performance of 
the analytical methods. 
 
2. Using a source-management host classification strategy, it is possible to correctly 
identify sources of fecal contamination to support a watershed program of source control. 
 The QA/QC component of the statistical methods addressed the MST sampling 
and analytical strategies.  The use of a simplified host classification strategy risked 
omission of influential host species, and statistical tests had to be used to determine if 
isolates included in the analyses were representative of entire host groups.  Jaccard 
indices were used to determine the homogeneity of the known source groups, generating 
threshold values to be calculated using laboratory duplicates and repeated ATCC isolates.  
The percentage of group members above the threshold was calculated to evaluate the 
level of matching within known groups.  Cluster analysis and hierarchical dendrograms 
were used to visualize the groups, and determine relationships between the groups.  The 
distance between clusters, via the examination of tree ‘limbs’ and branch nodes, gave a 
quantitative assessment of relationships between groups and how they related to one 
another.  Discriminant analysis and k-nearest neighbor analysis were used to classify 
known isolates into a source category to determine rates of correct classification. 
 
3. Genotypic and phenotypic libraries can be used to differentiate between bacteria 
from multiple host species, when tested against multiple hosts native and alien to the 
watershed. 
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 The outcome of testing the second hypothesis guided the evaluation of the third 
hypothesis, as calculating rates of correct classification for known host groups 
determined the selection of classification levels for the water isolates of unknown 
provenance.  Previous classification levels in other MST studies have used ‘human vs. 
non human’, ‘human vs. livestock vs. all other non-human’, and ‘human vs. waterfowl 
vs. all other non-human’, reflective of the suspected problems in those watersheds.  
Depending on the outcome of the statistical tests, classifications at these levels of 
discrimination may be possible, or it could require alternative groups to be employed 
(e.g. ‘waterfowl vs. all-other’).  Discriminant analysis and/or k-nearest neighbor analysis 
were used to classify water isolates of unknown origin into a source category to 
determine rates of correct classification.   
1.9 Scope of the work 
 The following steps broadly define the scope of the work in the presented 
research: 
• Determine the sampling strategy for water, WWTP effluent and fecal sampling in 
terms of sample locations and frequency, and types of samples to be collected. 
• Develop SOPs for the isolation of E. coli and enterococci, biochemical 
confirmation of the isolates, storage requirements, ARA methods and BOX-PCR 
amplification and visualization, and all interim procedures. 
• Define the methodology for assessing the performance of the MST analytical 
methods to generate data suitable for classification purposes. 
• Analyze the generated data in a systematic and appropriate manner to determine 
specificity and sensitivity. 
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• Implement a classification scheme that is most suitable for the generated data in 
terms of relevance to watershed management. 
• Evaluate the MST methodologies employed in terms of anticipated findings, 
results from comparable source tracking efforts and applicability to the 
Wissahickon Creek watershed. 
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CHAPTER 2: THE USE OF A PCR-BASED METHOD AS A MICROBIAL 
SOURCE TRACKING TOOL FOR E. coli AND ENTEROCOCCUS spp. 
 
 
 
 
Abstract 
 Polymerase chain reaction-based analytical tools for characterizing bacteria in 
surface waters have become an established method within the realms of microbial source 
tracking.  The history and development of these methods is discussed, with particular 
relevance to their strengths, weaknesses and their use for fingerprinting indicator 
bacteria.  The application of a specific genotypic method is presented, where BOX-PCR 
genomic fingerprints of Escherichia coli and Enterococcus spp. were visualized from 
water, wastewater treatment plant (WWTP) finished effluent and fecal samples collected 
in a mainly urban watershed in southeastern Pennsylvania.  The appropriate choice of 
statistical tests and classification methods showed that enterococci BOX-PCR data were 
able to correctly classify isolates from known source groups.  In turn, these isolates were 
used to classify enterococci isolated from surface water samples.  The dominant source of 
the water-derived isolates was found to be WWTP effluent, although waterfowl (geese 
and gulls) were also frequently identified.  Discriminant analysis and k-nearest neighbor 
analysis were used for source assignment, and it was the latter method that proved to be 
more appropriate for the dataset.  The results suggest that to reduce bacterial load in the 
watershed, human associated sources need to be closely monitored, and targeted 
intervention strategies may need to be considered. 
Keywords: Microbial Source Tracking; BOX-PCR; E. coli; Enterococcus spp. 
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2.1 Introduction 
 Among the genotypic techniques used for microbial source tracking 
(MST), those based on polymerase chain reaction (PCR) are among the most frequently 
used to classify isolates of unknown origin to a known source group.  PCR-based 
methods have targeted a variety of microorganisms for source determination, using a 
variety of techniques for the analytical component. To better understand why PCR 
methods have been the MST tool of choice for many researchers, an overview of their 
history of use, modes of operation, methodologies, and considerations for choosing an 
appropriate target organism are presented.  As a demonstration of a PCR-based source 
tracking effort in an urban, mixed-use watershed, the methods, results and conclusions of 
an MST project undertaken in southeastern Pennsylvania will be discussed.  Overall 
conclusions in relation to other relevant studies are also considered, and 
recommendations are proposed for future PCR-based source tracking efforts. 
2.1.1 Principles of polymerase chain reaction (PCR) 
 PCR is a technique widely used in molecular biology.  The name polymerase 
chain reaction comes from the deoxyribonucleic acid (DNA) polymerase used to amplify 
a piece of DNA by enzymatic replication.  The original fragment of DNA is replicated by 
the polymerase enzyme, thus doubling the number of DNA molecules per cycle.  Each of 
these molecules is replicated in a second cycle of replication, resulting in four times the 
number of the original molecules.  The continuation of this process is known as a chain 
reaction, in which the original DNA template is exponentially amplified.  It is possible to 
amplify a single piece of DNA, or a small number of pieces of DNA, over many cycles, 
potentially generating millions of copies of the original DNA molecule. 
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 The PCR process was developed in 1984 to address the issue of limited amounts 
of uncontaminated DNA available for experimentation (www.karymullis.com).  PCR 
protocols typically use a heat-stable DNA polymerase such as the Taq polymerase, an 
enzyme originally isolated from the bacterium Thermus aquaticus.  This is a Gram-
negative, non-sporulating, extreme thermophile typically found in thermal springs such as 
those in Yellowstone National Park (Brock and Freeze, 1969).  Using the Taq enzyme, 
new DNA is assembled from nucleotides by using single-stranded DNA as a template 
and oligonucleotides or primers for initiation of DNA synthesis.  
PCR methods use thermal cycling, which alternately heats and cools the PCR 
sample in a defined series of temperature steps.  These thermal cycling steps are 
necessary to separate the strands of the double helix used as the template during synthesis 
by the polymerase to selectively amplify the target DNA. The selectivity of PCR comes 
from the use of primers that are complementary to the targeted DNA region for 
amplification under the specified thermal cycling conditions. 
The steps of the PCR process are as follows.  The initialization step consists of 
heating the reaction to a temperature of 94 - 96°C which is held for 1 - 9 minutes.  The 
denaturation step is the first cycle and requires the reaction to reach 94 - 98°C for 20 - 30 
seconds.  This melts the DNA template and primers by disrupting the hydrogen bonds 
between the bases of the double DNA strands, resulting in single strands of DNA.  The 
annealing step allows annealing of the primers to the single-stranded DNA template, 
when the temperature is lowered to 50 - 65°C for 20 - 40 seconds.  Typically the 
annealing temperature is about 3 - 5°C below the melting temperature of the primers.  
The polymerase enzyme binds to the primer-template hybrid and begins DNA synthesis.  
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At the extension step, the polymerase synthesizes a new DNA strand complementary to 
the template strand by adding deoxynucleoside triphosphates (dNTPs).  The temperature 
at this step depends on the DNA polymerase used, but is in the range of 75 - 80°C.  The 
denaturing-annealing-extension steps are repeated numerous times (e.g. 35 cycles) to 
generate enough copies of the DNA for the required purpose.  For final elongation the 
reaction is held 70 - 74°C for 5 - 15 minutes after the last PCR cycle, to ensure that any 
remaining single-stranded DNA is fully extended.  The final hold is at 4°C for an 
indefinite time to store the reaction safely for a short period (e.g. overnight).  A 
simplified diagram of this procedure is shown in Figure 7. 
 
 
 
 
Figure 7 The polymerase chain reaction process 
(Source: www.mun.ca/biology/scarr/PCR_simplified.html) 
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The PCR process is performed using small amounts of the required reagents.  The 
reaction takes place in contaminant-free tubes that are typically 0.2 mL or 0.5 mL in 
volume.  The necessary reagents include the previously mentioned Taq enzyme required 
for synthesis of the DNA, dNTPs used as building blocks for new DNA, and the primer 
for definition of the sequence of DNA to be amplified.  Other reagents specific to the 
required PCR protocol include buffers, magnesium chloride (MgCl2) and nuclease-free 
water. 
Upon completion of the PCR cycling, the amplified DNA can be quantified to 
ensure that amplification did occur, and the product can be visualized to ensure that the 
correct sequence or length of DNA was targeted.  Quantification can be achieved using a 
spectrophotometer, measuring absorbance of the sample at 260 nanometers where DNA 
absorbs light most strongly.  In addition, the purity of the DNA can be measured by 
calculating the sample absorbance at 260 and 230 nm. Strong absorbance around 230 nm 
can indicate that organic compounds or salts are present in the purified DNA. A ratio of 
260 nm to 230 nm can help determine the level of impurities in the DNA, where the 
lower the ratio, the lower the purity (NanoDrop Technologies Inc., 2007). 
Agarose gel electrophoresis is used to visualize the amplified DNA by separating 
or sieving DNA fragments according to their size. The longer base pair sections (e.g. 
4,000 bp) take longer to travel through the gel than the shorter base pair sections (e.g. 400 
bp).  The sieving medium is agar, and it is the polysaccharide agarose that gives the 
method its name.  Agarose is neutrally charged and gels made from purified agarose have 
a relatively large pore size, making them useful for the size-separation of DNA fragments 
greater than approximately 100 bp (Clark and Russell, 2005).  The amplified DNA, also 
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called the PCR product, is pipetted into wells in one end of the agarose gel.  DNA is 
negatively charged, so the application of a current to the buffer in which the agarose gel 
is immersed causes the DNA fragments to migrate from the negative electrode to the 
positive electrode.  Depending on the composition of the agarose gel, usually expressed 
as a percentage (weight/volume) of dehydrated agarose used in the formulation, the 
electric current is applied to the gel for one or more hours.  The progress of the DNA 
migrating through the gel is monitored through the addition of a loading dye to the PCR 
product.  A simplification of the gel electrophoresis method is shown in Figure 8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 The agarose gel electrophoresis process 
 
 
 
 
DNA 
migrates 
from 
negative 
to positive 
electrodes 
PCR product loaded into wells 
Largest DNA fragment 
Smallest DNA fragment 
  
65 
When the PCR product has reached the full length of the gel, it is removed from 
the buffer and soaked in a chemical solution that allows the DNA to be visible over 
ultraviolet (UV) light.  Ethidium bromide (EtBr) is a commonly used nucleic acid stain 
that binds to the DNA in the agarose gel and fluoresces over UV light at 300 nm.  
However EtBr is assumed to be a carcinogen, and thus must be carefully handled in the 
laboratory.  Other stains are available that need fewer human and environmental safety 
considerations.  The DNA fragments or bands visible in the gel are evaluated based on a 
reference ladder added to the gel alongside the PCR products.  The ladder is of known 
size with predetermined intervals between bands, and this reference is used to calculate 
the size of the amplified DNA bands visible in the gel.  The image of the fluorescing 
DNA in the agarose gel can be digitally photographed, and manipulated in gel analysis 
software to accurately determine the base pair values of the visible bands.  Proprietary 
software packages allow for analysis of the gel images and the construction of databases 
of gel lanes, each containing the DNA bands amplified from a given sample. 
2.1.2 Use of PCR for microbial source tracking 
 Different variants of PCR-based methods as cited in the literature have been used 
for source tracking purposes.  It should be noted that the PCR procedure outlined above is 
often termed ‘conventional PCR’ to differentiate this method from quantitative or real 
time PCR (RT-PCR).  The concept of RT-PCR is similar to conventional PCR but the 
amplification cycles can be monitored in progress through the addition of fluorescent 
probes to the reaction mix, and agarose gel electrophoresis is typically not used to 
visualize the final PCR product.  RT-PCR is expensive in terms of the required hardware, 
thus researchers in microbial source tracking have traditionally used conventional PCR 
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approaches.  This is changing as RT-PCR becomes more economical, but for the 
purposes of this discussion, only conventional PCR will be considered. 
 To be relevant for microbial source tracking, the chosen PCR process must 
generate a PCR product that can be used to identify a specific source or host species of 
the target organism.  When visualized in an agarose gel, the arrangement and sizes of the 
DNA bands from the PCR product are termed fingerprints, and by collecting fingerprints 
from known host sources, a library can be created to which the fingerprints of target 
organisms from unknown sources can be compared.  Repetitive element PCR uses 
primers that target interspersed repetitive elements within the prokaryote genome (e.g. in 
bacterial DNA) that generate highly specific fingerprints (Scott et al., 2002).  Of the 
repetitive element methods, the most frequently cited are those using enterobacterial 
repetitive intergenic consensus sequences (ERIC-PCR), repetitive extragenic palindromic 
elements (REP-PCR), and highly conserved repetitive element sequences (BOX-PCR).  
For an overview of the use of repetitive sequence-based primers for fingerprinting 
bacteria, Versalovic et al. (1994) presented a detailed summary of their application, 
including ERIC, REP and BOX primer sets.  The results of recent studies using these 
methods invariably refer to this fundamental publication. 
 ERIC-PCR uses a DNA sequence first identified in Escherichia coli (E. coli), 
Salmonella typhimurium (S. typhimurium) and other bacteria (Sharples and Lloyd, 1990).  
The length of this sequence varies from 124 – 127 bp, and its purpose is speculated to be 
for transcription (copying genetic material between genomes) and translation (production 
of proteins).  Previous use of this PCR-based MST method is limited, and resulted in low 
discrimination between known host sources of E. coli (Leung et al., 2004). 
  
67 
 The length of the REP-PCR sequence is 38 bp, and has been frequently used for 
MST purposes following its initial observation in E. coli and S. typhimurium (Higgins et 
al., 1982).  Further description of the sequence was presented in Stern at al. (1984), and 
its frequency of occurrence in E. coli was speculated to be 26% of the 61 tested isolates.  
REP-PCR was used in a comparison test against and combined with BOX-PCR primers 
for the analysis of the source identification of E. coli isolates (Dombek et al., 2000), and 
although the REP-PCR performed adequately, the results of the BOX-PCR method 
proved superior for source tracking purposes. 
 The BOX repetitive genetic sequences were first published by Martin et al. 
(1992), based on their observation in Streptococcus pneumoniae.  No clue is given as to 
the origin of the name ‘BOX’, which refers to three subunits of the genomic DNA of the 
target organism.  The BOX-A1R primer used for MST purposes has a length of 22 bp, 
and is highly conserved, meaning that near identical sequences have been observed in 
different organisms.  This is an important attribute for a source tracking method, as it 
promotes more reliable data across different isolates and/or host species.  BOX-PCR has 
been the method of choice in many PCR-based source tracking methods, particularly for 
E. coli isolates (e.g. Dombek et al., 2000, Johnson et al., 2004, Somarelli et al., 2007), 
with fewer studies using this method for enterococci isolates (e.g. Hassan et al., 2005). 
2.2 PCR experimental methods 
A PCR-based source tracking method was applied to E. coli and enterococci 
isolates from a variety of sources and locations in the Wissahickon Creek watershed in 
Pennsylvania.  This watershed occupies approximately 64 square miles in Philadelphia 
and Montgomery counties, containing the largely wooded area of Fairmount Park, which 
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is one of the largest urban parks in the US occupying in excess of 9,200 acres (14.4 
square miles).  Although this watershed is considered predominantly urban, several 
agricultural sites outside the city of Philadelphia were included in the sampling strategy, 
to include as many reservoirs of the target organism as was feasible.  Environmental 
sampling occurred from January 2007 through October 2008, and the chosen genotypic 
analytical method was BOX-PCR, using the BOX-A1R primer sequence described in 
Versalovic et al. (1994).  All isolates were tested using the BOX-PCR approach, and 
details of the methods for analysis and interpretation are presented. 
2.2.1 Objectives 
 The objectives of this research were three-fold.  The first objective was to 
determine if fecal bacteria isolated from the Wissahickon Creek watershed could be 
fingerprinted using the BOX-PCR procedure, generating results that were satisfactory for 
source tracking purposes.  The second objective was to evaluate the use of a simplified 
host classification scheme to correctly assign isolates to a known host source or group.  
As it was not feasible to sample from all possible sources of bacterial contamination in 
the watershed, this scheme aimed to target the main contributors of E. coli and 
enterococci in the watershed.  The third objective was to determine if the library of BOX-
PCR generated fingerprints could classify ‘unknown’ isolates (i.e. those cultured from 
surface water samples) to a known source group, and what level of discrimination would 
be possible.  
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2.2.2 Sampling methods 
 Water samples were collected from two locations on the Wissahickon Creek from 
January to November 2007.  WISS140 is near the creek’s confluence with the Schuylkill 
River, one of the main drinking water sources for the city of Philadelphia.  WISS410 is 
located approximately five miles north of the confluence with the Schuylkill River at the 
city limits and the upper end of Fairmount Park.  Three wastewater treatment plant 
(WWTP) facilities were targeted for finished effluent sampling from January to 
November 2007, all located in Montgomery county to the north of Philadelphia. 
Eleven sites were chosen for animal fecal sampling during February 2007 to 
October 2008 within Philadelphia and Montgomery counties, and approximately 10 g of 
fecal material was collected from each of 154 animals.  Livestock samples (cow, horse, 
sheep, pig, donkey, goat) were collected from three agricultural sites.  Waterfowl samples 
(goose, gull) were collected from three sites.  Domestic animal samples (dog, cat) were 
collected from two sites.  Wildlife samples (deer, skunk, opossum, 
woodchuck/groundhog, squirrel, raccoon) were collected from three sites and samples 
from species presumed to be alien to the watershed were collected from the Philadelphia 
Zoo.  As recommended in Stoeckel et al. (2004), these challenge isolates from the 
Philadelphia Zoo were included to test the robustness of the fingerprint libraries.  By 
including isolates from non-native animals, these sources should not be classified with 
any native animals, as interaction was unlikely to occur between the native animals and 
the watershed and those in the zoo. 
 All water and WWTP effluent samples were collected as 100 mL grab samples, 
transported on ice to the laboratory, and processed within six hours of collection.  Fecal 
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samples were collected as individual samples from animals (as opposed to composite 
samples) using sterile spatulas and sample bags, transported on ice to the laboratory, and 
processed within six hours of collection. Fifty-two surface water samples were collected 
from both creek sites during the sampling period, and forty-eight WWTP effluent 
samples were collected from the three facilities. 
2.2.3 Culturing methods and biochemical confirmation 
 For the isolation of E. coli and enterococci from water and WWTP effluent 
samples, standardized protocols were used, namely Standard Methods 9222 D and 9222 
G for the isolation of E. coli (Standard Methods for the Examination of Water and 
Wastewater, 2007) and USEPA Method 1600 for the isolation of enterococci (USEPA, 
2005a).  Samples were diluted as necessary to achieve bacterial counts generally in the 
range of 20 to 30 colony forming units (CFU) per membrane filter.  Typically, volumes 
of 0.1 mL, 1.0 mL and 10 mL were filtered for the isolation of E. coli, and 1.0 mL, 10 
mL and 50 mL were filtered for the isolation of enterococci. 
 The culture method outlined in Wiggins (1996) for enterococci isolates was 
modified for fecal samples, with approximately 0.3 g of fecal material suspended in 500 
mL phosphate buffered saline for membrane filtration.  The filters were placed onto 
enterococcosel broth, and incubated at 37°C for 48 hours. 
E. coli isolates from fecal samples were obtained by streaking the fecal material 
directly onto MacConkey agar using a sterile swab, and incubating at 37°C for 24 hours 
(Guan et al, 2002).  Restreaking onto a second MacConkey agar plate was typically 
necessary for the E. coli isolates, due to prolific growth on the agar plates. 
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 Standard biochemical confirmation tests were used for 100% of the isolates.  The 
Biomérieux API system was used to determine the identity of presumptive strains, and 
American Type Culture Collection isolates (E. coli ATCC 25922; E. faecium ATCC 
35667; E faecalis ATCC 51299) were included to evaluate the performance of the 
biochemical tests.  Prior to the preparations and analysis using the BOX-PCR procedure, 
confirmed isolates (N = 650) were stored on nutrient agar slants at 4°C. 
2.2.4 Preparation of isolates for BOX-PCR 
 As described in Hassan et al. (2005), the BOX-PCR analysis of E. coli was 
possible without an intermediate lysis step, instead using a whole cell suspension 
approach.  Using a small inoculating loop, approximately 1 µL of E. coli cells were 
transferred from a nutrient agar slant to a 1.5 mL microcentrifuge tube containing 1 mL 
brain heart infusion broth, and incubated for 12 to 24 hours at 37°C.  The enriched 
culture was centrifuged for 5 minutes at 6,000 rpm.  After discarding the supernatant, the 
procedure was repeated twice using nuclease-free water to wash the cells.  The cells were 
thoroughly homogenized by vortexing, and stored at -20°C, if not to be immediately used 
for the BOX-PCR reactions 
 The enterococci isolates were more problematic in terms of the preparatory steps 
needed for BOX-PCR amplification.  Despite attempts to repeat the methods outlined in 
Hassan et al. (2005), enterococci required lysis prior to amplification using a commercial 
lysis kit.  The concentration of DNA from the lysed enterococci was quantified using a 
spectrophotometer, and these data are shown in Figure 9.  For the 353 isolates, the 
minimum DNA concentration was 2.6 ng/µL, the maximum concentration was 61.4 
ng/µL, and the mean concentration was 24.6 ng/µL.  These variations in DNA 
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concentration usually reflected how vigorously the enterococci grew in the broth prior to 
lysis, and the concentration also influenced how well the BOX-PCR process performed, 
as too little or too much DNA was shown to have a detrimental effect on the procedure. 
 
 
 
 
Figure 9 Concentration of DNA in lysed enterococci 
 
 
 
2.2.5 BOX-PCR method 
 The BOX-PCR protocol was modified from the method described in Hassan et al. 
(2005).  Repeated efforts were made to replicate their results, but neither the 
amplification of E. coli nor enterococci was acceptable using the published method, as 
enterococci isolates failed to amplify using a whole cell suspension approach, and the 
amplification of E. coli was unreliable, with any bands on the agarose gel too faint to 
accurately define.  Therefore a new protocol was developed that could successfully 
amplify whole cell suspensions of E. coli and lysed enterococci DNA in parallel. 
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 The modifications to the published protocols included using different reagents 
from an alternate supplier, and slightly modifying the thermal cycler protocol to 
accommodate these reagents.  However the formulation of the reaction mix closely 
adhered to the amended protocol published on the researchers’ updated website 
(www.usm.edu/bst/methods). 
The conserved BOX-A1R primer (5′- CTA CGG CAA GGC GAC GCT GAC G 
– 3′) is suitable for Gram-positive and Gram-negative bacteria, allowing reaction tubes 
for both E. coli and enterococci to be prepared simultaneously.  PCR reactions were 
performed in a 25 µL reaction mix using 2.5 units/reaction HotStart Taq Plus enzyme, 1x 
CoralLoad buffer, 1x Q solution, 0.2 mM each of four dNTPs, 2 µM BOX-A1R, 1 µL 
template DNA or whole cell suspension, and nuclease-free water.  Full details of the 
BOX-PCR standard operating procedure are included in Appendix D. 
PCR amplification was performed using a thermal cycler protocol of 6 hours 40 
minutes, where the temperature changes were defined over thirty-five cycles to allow for 
the denaturing, annealing and extension of the sequence of bases selected by the BOX-
A1R primer.  The PCR amplification conditions were as follows: initial denaturation at 
95°C for 5 minutes, followed by thirty five cycles of denaturation at 94°C for 3 seconds, 
92°C for 30 seconds, annealing at 50°C for 1 minute, and extension at 65°C for 8 
minutes.  A final extension step of 65°C completed the procedure, and an infinite hold at 
4°C allowed the samples to be stored overnight in the thermal cycler if necessary. 
The BOX-PCR product was separated and visualized using 1.5% (w/v) agarose 
gel in 0.5x Tris-Borate-EDTA buffer, with 120 volts of current for approximately 3.5 
hours.   This method was modified from the protocol outlined in Dombek et al. (2000), as 
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attempts to replicate the published method resulted in the agarose gel melting or 
deforming.  The gel was stained for 20 minutes, and visualized over UV light at 302 nm. 
Full details of the gel electrophoresis standard operating procedure are included in 
Appendix D.  A typical electrophoresis gel is shown in Figure 10, where Lanes 1, 11 and 
24 contain the reference ladder (HyperLadder1), with the scale of the ladder shown 
alongside the image.  Lane 10 is a blank sample to ensure the PCR reaction mix was not 
contaminated.  Lane 9 is the positive control for the reaction (commercially prepared pure 
E. coli DNA).  The other nineteen lanes represent BOX-derived E. coli fingerprints 
isolated from environmental samples in the watershed.  All E. coli isolates were 
successfully amplified and visualized without issue, but 19% (N = 72) of the enterococci 
isolates had to be reanalyzed due to excessive DNA concentration causing smearing of 
the gel lanes.  The raw DNA and diluted DNA concentrations for the enterococci are 
shown in Appendix B. 
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Figure 10 A typical 1.5% agarose gel with environmental E. coli isolates 
 
 
 
2.3 Data analysis 
 The initial analysis of the BOX-PCR genetic fingerprints was undertaken using 
Nonlinear Dynamics TotalLab 120 DM software, and further analyses were completed 
using the MatLab R2008a (version 7.6.0) Statistics Toolbox and Bioinformatics Toolbox.  
The BOX-PCR method was applied to 375 environmental enterococci isolates and 315 E. 
coli isolates, including duplicates, and a brief summary of the characteristics of the bands 
identified in the gel lanes is shown in Table 6. 
 
Size (bp)  ng/BAND 
10,000  100 
 
 
2,500  25 
 
 
1,500  15 
 
1,000  100 
 
800  80 
 
600  60 
 
400  40 
 
 
200  20 
1       11                         24 
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Table 6 Characteristics of the BOX-PCR amplified DNA 
  Enterococci E. coli 
Number of isolates 375 315 
Minimum number of bands 1 10 
Maximum number of bands 29 27 
Mean number of bands 9.7 18.2 
Minimum base pair value 137 183 
Maximum base pair value 14,600 12,759 
Mean base pair value 2,046 1,616 
 
 
 
2.3.1 Jaccard coefficients of similarity of BOX-PCR data 
 To determine the homogeneity of the source groups, Jaccard indices were 
calculated at a known host group level.  The isolates of known provenance were 
categorized into five groups, namely domestic animal, livestock, WWTP effluent, 
wildlife and zoo. 
 The Jaccard similarity index was first used to determine the ‘coefficients of 
community’ of plant species in European Alpine zones (Jaccard, 1912), where the 
coefficient measured similarity between sample sets.  In this study’s analysis of the BOX-
PCR data the sample sets were the base pair patterns of the known source categories.  
The Jaccard similarity calculations were computed in the TotalLab 120 DM software 
separately for the E. coli and enterococci datasets, using an integrated band-matching 
algorithm. 
 To calculate a threshold value for evaluating the datasets using the Jaccard 
coefficients, the gel lane data for the laboratory duplicates were first analyzed.  Sixteen of 
the 220 known source E. coli isolates (7.3%) and fifteen of the 261 known source 
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enterococci isolates (5.8%) were tested in duplicate.  Figure 11 shows the number of 
known host isolates assigned to each group. 
 
 
 
 
Figure 11 E. coli and enterococci numbers by known host category 
 
 
 
Performing the Jaccard analysis on the laboratory duplicates generated similarity 
thresholds among replicate samples of 0.80 for the E. coli data and 0.62 for the 
enterococci data.  The homogeneity of known source groups was calculated by 
performing the Jaccard analysis on each group in turn, and determining the percentage of 
isolates that matched above the calculated threshold.  The results are shown in Table 7, 
and it is clear that the level of similarity in the known source groups varied for both target 
organisms.  The least similar groups were the E. coli from domestic animals and the 
enterococci from WWTP effluent samples, and isolates from zoo fecal samples were the 
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most similar for both target organisms.  Across all known source groups, the average 
level of similarity was slightly higher for the E. coli than for the enterococci. 
 
 
 
Table 7 Jaccard similarity indices for PCR responses of known source isolates based 
on thresholds of 0.80 for E. coli and 0.62 for enterococci 
 Percentage of isolates matched above threshold 
 E. coli Enterococci 
 N isolates % N isolates % 
Domestic animal 7 50.6 21 60.4 
Livestock 52 58.1 38 43.6 
Wildlife 79 58.7 80 56.0 
WWTP effluent 29 72.4 92 40.3 
Zoo 18 77.5 10 96.0 
Average of all known sources - 63.5 - 59.3 
 
 
 
To determine the level of similarity in the BOX-PCR data for E. coli and 
enterococci isolated from surface water samples, the Jaccard similarity indices were 
calculated.  These data are shown in Table 8, and include combined data for the two 
Wissahickon Creek sampling sites and two additional water sampling sites.   The 
Schuylkill Center for Environmental Education (SCEE) is the location of a small 
tributary discharging into the Wissahickon Creek, and Fox Chase Farm (FCF) is in the 
neighboring Pennypack Creek watershed.  The number of isolates analyzed using the 
BOX-PCR method is included in Table 8, and this incorporates laboratory duplicates into 
the Jaccard analysis.  
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Table 8 Jaccard similarity indices for PCR responses of surface water isolates based 
on thresholds of 0.80 for E. coli and 0.62 for enterococci 
 Percentage of isolates matched above threshold 
 E. coli Enterococci 
 N isolates % N isolates % 
WISS140 24 61.5 36 39.2 
WISS410 37 55.7 43 39.6 
WISS140 & WISS410 61 58.7 79 39.7 
Fox Chase Farm 20 56.3 20 43.0 
SCEE 14 81.6 7 67.3 
Fox Chase Farm & SCEE 34 64.4 27 47.1 
Average of all isolates from water - 63.7 - 47.3 
 
 
 
 These data show that the similarity within and between water sampling locations 
is variable, and as might be expected the highest level of similarity was recorded for the 
site at the SCEE with the lowest number of isolates.  Jaccard indices were lower for 
enterococci isolated from any site or combination of sites.  The effect of sample size on 
these data is variable, as shown by the isolates from Fox Chase Farm.  E. coli and 
enterococci numbers from this location were the same (N = 20) and these were isolated 
from the same samples.  However the level of similarity between to the bacteria is 
different, where the E. coli are 56.3% similar and the enterococci are 43.0% similar.  As 
shown for the known source groups, variability amongst the genotypic characteristics of 
environmental enterococci seems to be higher than that for E. coli. 
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2.3.2 Cluster analyses of BOX-PCR data 
 The gel analysis software was used to compare the relatedness of the sources of 
isolates by how closely they were grouped into clusters using matching algorithms and 
distance metrics.  Examples of the cluster analysis and dendrogram construction are 
shown in Figures 12 and 13, using the Jaccard matching algorithm and complete linkage 
distance metric.  The choice of algorithm or metric did not affect the groupings of the 
known sources within the ‘branches’ of the dendrogram.  To evaluate the clustering 
algorithms used in the TotalLab software, the Jaccard indices calculated to determine the 
homogeneity of the known source groups were imported into MatLab.  Using the 
hierarchical clustering code shown in Appendix C, the dendrograms generated in the gel 
analysis software were replicated in MatLab. Although isolates were reorganized along 
the length of the dendrogram, distances between ‘branches’ remained the same. 
 
 
 
 
Figure 12 BOX-PCR fingerprints of E. coli isolated from domestic animals 
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Figure 13 BOX-PCR fingerprints of enterococci isolated from zoo animals 
 
 
 
The thresholds used to determine the number of clusters in each dendrogram were 
determined using laboratory duplicates.  Two separate dendrograms were constructed for 
the E. coli and enterococci duplicates, and the minimum level of relatedness on a scale of 
0 to 1 was used as a threshold for the known source dendrograms.  These are shown in 
Figures 12 and 13 as lines denoting 0.80 for the E. coli analysis and 0.62 for the 
enterococci analysis, as previously calculated using Jaccard analysis. 
 The clusters generated from dendrograms of all known source groups are 
described in Figures 14 and 15.  Because the number of ‘branches’ is dependent on the 
number of isolates, the resulting dendrogram can be prohibitively large for presentation.  
Figures 14 and 15 give a graphical representation of the clusters combined into 
dendrograms of all known sources.  In each figure the y-axis represents the percentage of 
each cluster occupied by a known source group.   
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Figure 14 Cluster analysis for all known E. coli BOX-PCR fingerprints based on a 
threshold of 0.80 
 
 
 
 
 
 
 
Figure 15 Cluster analysis for all known enterococci BOX-PCR fingerprints based 
on a threshold of 0.62 
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The E. coli BOX-PCR data were classified into five clusters above the threshold 
determined using the laboratory duplicates, and the enterococci BOX-PCR data could be 
clustered into six groups.  As shown in the following charts, membership in each cluster 
was diverse, which was not the desired outcome of the analysis.  It would be preferable to 
have homogeneous clusters, and this would represent known source groups that were 
suitable for classifying unknown isolates from the Wissahickon Creek water samples. 
2.3.3 Classification methods for BOX-PCR data 
 To determine the rates of correct classification (RCCs) of individual isolates from 
known source groups and the provenance of E. coli and enterococci isolated from the 
Wissahickon Creek water samples, two classification methods were executed.  Linear 
discriminant analysis (prior probabilities, equal) and k-nearest neighbor analysis (with 
values of k ranging from 0 to 6) were used to determine rates of correct classification 
(RCCs) for the known source groups, and for k-nearest neighbor analysis, the most 
appropriate value for k. The MatLab codes are included in Appendix C. 
 It was not possible to analyze the PCR data using the chosen classification 
methods in the gel analysis software, so the data were imported into MatLab.  However, 
because each gel lane could have a different number of bands or DNA fragments, each 
isolate could have a different number of data points in the form of base pair values.  This 
would prevent the analysis from being executed in MatLab, as equal vector (column) 
lengths were required for the classification methods.  Therefore the BOX-PCR base pair 
values had to be manually binned into a matrix (table), where each cell was allocated a 
value based on the number of bands assigned to a specified range of values. 
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 The same bin values were used for both the E. coli and enterococci BOX-PCR 
data, to facilitate comparisons between the two datasets.  The base pair values allocated 
for each bin were determined by examining the data characteristics shown in Table 6.  
The minimum bin value was determined by the data, the maximum bin value was 
determined by the maximum value of the reference ladder, and the bin intervals were 
determined by the mean number of bands for the data minus those that were in excess of 
the reference ladder range, as shown in Table 9. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
85 
Table 9 Summary of binned BOX-PCR data for classification analysis 
 Number of bands per bin 
Bin values (base pairs) E. coli Enterococci 
>10,001 bp 5 10 
10,000 - 9,551 bp 4 1 
9,550 - 9,101 bp 2 6 
9,100 - 8,651 bp 2 10 
8,650 - 8,201 bp 3 26 
8,200 - 7,751 bp 8 18 
7,750 - 7,301 bp 21 9 
7,300 - 6,851 bp 4 11 
6,850 - 6,401 bp 20 10 
6,400 - 5,951 bp 32 36 
5,950 - 5,501 bp 10 48 
5,500 - 5,051 bp 44 88 
5,050 - 4,601 bp 54 42 
4,600 - 4,151 bp 117 92 
4,150 - 3,701 bp 35 60 
3,700 - 3,251 bp 301 121 
3,250 - 2,801 bp 78 122 
2,800 - 2,351 bp 400 233 
2,350 - 1,901 bp 424 227 
1,900 - 1,451 bp 906 454 
1,450 - 1,001 bp 896 603 
1,000 – 551 bp 1,687 762 
550 - 101 bp 683 278 
Total number of bands 5,736 3,267 
 
 
 
 To determine how well the grouped data represented individual isolates belonging 
to each group, the RCC values were calculated using discriminant analysis (DA) and k-
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nearest neighbor (knn) analysis.  The RCC values were first calculated using a self-cross 
approach, where the BOX-PCR fingerprint of a given isolate remained in the library 
during the analysis.  A refinement of this method was also incorporated by manually 
jackknifing the data, a technique also known as hold-out analysis or cross-validation.  By 
removing the BOX-PCR fingerprint of each isolate in turn, the RCCs would not be 
artificially increased by matching an isolate to itself in the library. 
2.3.4 Discriminant analysis of BOX-PCR data 
Discriminant analysis aims to calculate maximum between-group variance 
relative to the within-group variance, by forming one or more linear combinations 
(discriminant functions) of the discriminating variables. The purpose of the analysis is to 
classify objects (e.g. isolates) into one of two or more groups based on a set of features 
that describe the objects (e.g. binned base pair values).  In general, an object is assigned 
to one of a number of predetermined groups based on observations made on the object.  
DA is a more popular classification method for PCR-based MST data (e.g. Dombek et al. 
(2000); Hassan et al. (2005); Somarelli et al. (2007)).  RCC values using DA were 
calculated separately for the E. coli and enterococci BOX-PCR fingerprints in MatLab, 
and all codes are included in Appendix C. 
2.3.5 k-nearest neighbor analysis of BOX-PCR data 
 The use of knn to classify MST data is less frequent than DA, although articles 
reviewing statistical methods for classifying isolates for source tracking purposes have 
chosen to recommend this method for library-dependent datasets (Albert et al. (2003); 
Robinson et al. (2007)). An object (e.g. isolate) is classified by a majority vote of its 
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neighbors, with the object being assigned to the class most common amongst its k nearest 
neighbors.  The value of k (the number of neighbors to which an object is compared) 
depends on the dataset.  Suggestions have been made for determining the value of k (Enas 
and Choi, 1986), but for the BOX-PCR datasets for the Wissahickon Creek watershed, 
the value of k was determined by calculating the RCCs.  The minimum k value giving the 
highest RCC for each group was calculated, as shown in Figure 16, where k is plotted 
against the RCC for the known source group enterococci BOX-PCR data.  
 
 
 
 
Figure 16 k values vs. RCC percentages for enterococci BOX-PCR data 
 
 
 
 To determine if the slope of the lines shown in Figure 16 were a reflection of how 
the known source groups were clustered, the value of the slope was calculated and 
compared to the Jaccard coefficients of similarity for each source group.  Slope varied 
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from a minimum of -1.234 for the change in k against RCC value for WWTP effluent 
enterococci, to a maximum of -14.571 for zoo enterococci.  Plotting the slope values 
against the Jaccard indices gave a correlation coefficient of R2 = 0.634.  This would 
suggest a moderate relationship between slope and similarity of each source group. 
2.3.6 Results of classification analyses 
Tables 10 and 11 compare the self-cross values of RCCs calculated using DA and 
knn for the BOX-PCR data, and in the case of knn, the optimum value for k is also 
shown. 
 
 
 
Table 10 RCC values for E. coli BOX-PCR data 
  Discriminant 
Analysis 
k-nearest neighbor 
Source 
group 
Number of 
isolates 
% RCC Min k for best 
classification 
% RCC 
Domestic 7 0.0 * 0.0 
Livestock 52 38.5 5 48.1 
WWTP 29 0.0 4 6.9 
Waterfowl 45 44.4 1 93.3 
Wildlife 34 58.8 1 73.5 
Zoo 18 5.6 1 11.1 
* Note: No value for k has been indicated for the domestic animals, as it was not possible 
to correctly classify this group using the knn approach 
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Table 11 RCC values for enterococci BOX-PCR data 
  Discriminant 
Analysis 
k-nearest neighbor 
Source 
group 
Number of 
isolates 
% RCC Min k for best 
classification 
% RCC 
Domestic 21 85.7 1 95.2 
Livestock 38 52.6 1 84.2 
WWTP 92 66.3 1 98.9 
Waterfowl 51 52.9 1 92.2 
Wildlife 29 69.0 1 100.0 
Zoo 10 80.0 1 100.0 
 
 
 
 Based on the data presented in Tables 10 and 11, the enterococci BOX-PCR data 
from the WWTP effluent isolates were analyzed by facility to determine their individual 
RCC values, using the knn approach at the optimum value for k.  The overall RCC for 
enterococci isolated from the WWTP effluent was 98.9%.  At k = 1 the RCCs for 
Abington and Ambler WWTPs were 100% (N = 27 and 39 isolates respectively), and the 
RCC for Upper Gwynedd WWTP was 96% (N = 26 isolates).  Therefore it was the 
attempt to correctly classify enterococci from Upper Gwynedd that reduced the overall 
RCC below 100%. 
 The combined RCC for E. coli isolates from WWTP facilities was 6.9%, and 
disseminating the data by site did not improve this value sufficiently for confident 
classification of E. coli from surface water samples.  At k = 4, the RCC for Abington 
WWTP was 0% (N = 7 isolates), the RCC for Ambler WWTP was 7% (N = 15 isolates) 
and the RCC for Upper Gwynedd WWTP was 14% (N = 7 isolates).  Thus in contrast to 
the data for enterococci, it was the E. coli BOX-PCR fingerprints from Abington and 
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Ambler that reduced the overall RCC value.  However the RCC from the E. coli data 
from Upper Gwynedd WWTP alone was still low. 
The jackknife analysis of the classification of individual isolates in the known 
source groups is an additional statistical method of determining how accurately the RCC 
values are able to predict the source group of each isolate.  For the BOX-PCR datasets, 
the jackknifed RCC values were calculated manually, by reanalyzing the data using DA 
and knn with successive matrices each missing a row of binned values corresponding to 
an isolate.  Thus when the RCC values were recalculated, an isolate was being compared 
to a group in which it was not present.  There was no effect of jackknifing on the E. coli 
BOX-PCR datasets, as the RCCs did not decrease as each isolate from a known source 
group was removed from the classification analyses.  However as shown in Table 12, 
jackknifing did have a detrimental effect on some of the enterococci BOX-PCR RCCs, 
suggesting that the source group in its entirety did not well represent its individual 
member isolates.  For some of the groups (waterfowl, domestic animals) the RCC 
percentages did not change.  For other groups, the RCCs decreased.  The wildlife and zoo 
isolates showed a reduction in RCCs by a few percentage points, but for the WWTP 
isolates classified using knn the decrease in RCC value was more substantial. 
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Table 12 Cross-validation of RCC values for the enterococci BOX-PCR data 
  Discriminant Analysis k-nearest neighbor 
Source 
group 
Number 
of isolates 
% RCC Jackknifed 
% RCC 
% RCC Jackknifed 
% RCC 
Domestic 21 85.7 85.7 95.2 95.2 
Livestock 38 52.6 50.0 84.2 84.2 
WWTP 92 66.3 64.1 98.9 69.3 
Waterfowl 51 52.9 52.9 92.2 92.2 
Wildlife 29 69.0 65.5 100.0 96.5 
Zoo 10 80.0 70.0 100.0 93.0 
 
 
 
In addition to classifying the known sources individually by group, the 
discriminant analyses and k-nearest neighbor analyses were applied to different 
combinations of the known source groups as larger, less precisely defined categories.  
The results are shown in Tables 13 and 14, and the subset numbers represent the 
following combinations: 
Subset 1: Livestock and domestic animal BOX-PCR fingerprints 
Subset 2: Wildlife and waterfowl BOX-PCR fingerprints 
Subset 3: WWTP effluent and domestic animal BOX-PCR fingerprints 
Subset 4: Livestock, domestic animal, wildlife and waterfowl BOX-PCR fingerprints 
Subset 5: Livestock, wildlife, waterfowl and zoo BOX-PCR fingerprints 
Each table includes the number of isolate fingerprints included in a subset, and the 
optimum value for k.  The optimum k value for the highest RCC was calculated 
independently of the calculation for individual known source group, although in the 
majority of the analyses, this value remained the same after combining groups. 
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Table 13 RCC values for the combined subsets of E. coli BOX-PCR data 
  k-nearest neighbor Discriminant 
Analysis 
Subset Number of 
isolates 
Minimum k for 
best classification 
% RCC % RCC 
1 59 5 42.4 47.5 
2 79 1 84.8 55.7 
3 36 4 36.1 41.7 
4 138 4 77.5 84.1 
5 149 1 78.5 79.2 
 
 
 
 
 
 
Table 14 RCC values for the combined groups of enterococci BOX-PCR data 
  k-nearest neighbor Discriminant 
Analysis 
Subset Number of 
isolates 
Minimum k for 
best classification 
% RCC % RCC 
1 59 1 88.1 69.5 
2 80 1 95.0 70.0 
3 113 1 98.2 77.9 
4 139 1 92.1 80.6 
5 128 1 92.2 78.9 
 
 
 
 Using the same classification methods that generated the RCCs for the known 
source groups of isolates, the E. coli and enterococci of unknown origin from surface 
water samples were assigned a source group.  Based on the calculated RCCs, knn 
analysis of the enterococci BOX-PCR fingerprints were used for the source assignment as 
they had generated the most robust RCCs with consistent k values (k = 1). 
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 In addition to the surface water samples collected from the Wissahickon Creek, E. 
coli and enterococci were isolated from two additional water bodies.  Two demonstration 
sites were included in the surface water sampling strategy, namely the Schuylkill Center 
for Environmental Education (SCEE) in the Wissahickon Creek watershed and Fox 
Chase Farm in the Pennypack Creek watershed.  These sites were included in the surface 
water sampling strategy as the sub-tributary adjacent to the SCEE is suspected to be 
influenced by wildlife or human (septic system) bacterial inputs, and the stream running 
through Fox Chase Farm is suspected to be influenced by livestock or wildlife bacterial 
inputs.  Seven enterococci isolates were cultured from the stream at the SCEE, and 20 
isolates were cultured from samples taken from the stream at Fox Chase Farm.  All 
samples were collected during three sampling events in May and June 2008, and their 
source allocation using enterococci BOX-PCR fingerprints and knn analysis (k = 1) are 
shown in Figures 17 and 18. 
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Figure 17 Source allocation of BOX-PCR enterococci isolates at the SCEE 
 
 
 
 
 
 
 
Figure 18 Source allocation of BOX-PCR enterococci isolates at Fox Chase Farm 
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 The results of the classification of Wissahickon Creek water enterococci isolates 
analyzed using BOX-PCR and the knn approach are shown in Figures 19 and 20.  Thirty-
two enterococci were isolated from site WISS140 near the confluence of the Wissahickon 
Creek with the Schuylkill River, and 40 enterococci were isolated from site WISS410 
approximately five miles north of the confluence with the Schuylkill River.  These sites 
were chosen for the collection of water samples because they are established sampling 
sites within the realms of the Philadelphia Water Department (PWD) surface water 
physical, chemical and biological monitoring efforts.  All water samples were collected 
from January 2007 to November 2007 by personnel from the PWD Office of Watersheds, 
and delivered to the laboratory at Drexel University for analysis within six hours of 
collection. 
 
 
 
Figure 19 Source allocation of BOX-PCR enterococci isolates at WISS140 
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Figure 20 Source allocation of BOX-PCR enterococci isolates at WISS410 
 
 
2.4 Results and discussion 
 The data generated from BOX-PCR analysis of bacteria isolated from the 
Wissahickon Creek watershed are from a moderately sized library of genomic 
fingerprints.  Previous source tracking studies using PCR-based methods, and specifically 
the BOX-A1R primer, have used libraries of hundreds of isolates (e.g. Somarelli et al., 
2007; Dombek et al., 2000) or greater than a thousand isolates (e.g. Hassan et al., 2005).  
The MST study undertaken for the Wissahickon Creek shows that using the appropriate 
statistical methods can produce meaningful data relevant to the protection of the 
environment. 
 The Jaccard coefficients of similarity for the BOX-PCR fingerprints showed that 
although there was variability among the known host groups of E. coli and enterococci, 
comparing the two bacterial taxa generated similar similarity indices.  The cluster 
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analyses were an excellent demonstration of a statistical method that has perhaps been 
inappropriately used for source allocation of isolates of unknown origin.  Some studies 
(e.g. Johnson et al., 2004) have used cluster analysis and dendrogram groupings to 
classify unknown source isolates to known source groups.  However, had this method 
been used in isolation to classify the surface water isolates to known source groups, the 
allocations would have been ambiguous due to the heterogeneous nature of the clusters in 
terms of membership. 
 Discriminant analysis has been the classification method of choice for many 
source tracking efforts, and although respectable rates of correct classification were 
possible for some known source groups, the value of this method for the source 
assignment of water isolates was limited.  The k-nearest neighbor approach generated 
higher RCCs for all six individual known host groups (domestic animal, livestock, 
waterfowl, wildlife, WWTP effluent, zoo) for both E. coli and enterococci.  Combining 
the known host groups (livestock and domestic animal; wildlife and waterfowl; WWTP 
effluent and domestic animal; livestock, domestic animal, wildlife and waterfowl) 
improved some RCCs but the results were inconsistent. 
The cross-validation technique using jackknife sampling of the libraries of 
fingerprints also had a variable effect on the RCCs from DA and knn.  In some instances, 
the RCCs remained the same but for others, particularly the knn RCC for enterococci 
isolated from WWTP effluent samples, the RCC decreased.  This suggests that those 
groups that showed a decrease in RCC after jackknifing are more dissimilar, as shown to 
some extent by the Jaccard coefficients of similarity. 
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 Allocation of isolates from water samples to known source groups was performed 
using the knn classification approach for the BOX-PCR fingerprints for the enterococci 
isolates due to the higher RCCs and a consistent k value for the source groups.  The 
stream water at the Schuylkill Center for Environmental Education was suspected to be 
primarily impacted by wildlife and/or waterfowl due to the remote nature of the location 
with little development upstream of the SCEE.  However 71% of the BOX-PCR 
fingerprints of these enterococci most closely matched those from WWTP effluent 
samples.  The stream at Fox Chase Farm was suspected to be primarily impacted by 
livestock, as the stream runs through the farm.  Although WWTP effluent isolates again 
were shown to be the most likely source (50%), livestock isolates did account for 30% of 
the enterococci at this location. 
 The enterococci isolated from the Wissahickon Creek water samples showed 
diverse source allocation, although those originating from WWTP effluent did dominate 
the results.  At WISS140, 84% of the isolates were classified as WWTP-derived, with the 
remainder split relatively evenly between the other known source groups.  At WISS410, 
58% of the isolates were classified as WWTP-derived, with 25% of the remainder 
classified as waterfowl and the others split relatively evenly between the other known 
source groups.  Since WISS410 is closer to the discharge points of the three sampled 
WWTP facilities, this would suggest that other sources of human-associated pollution are 
contributing to the results at WISS140, combating the effects of downstream dilution. 
2.5 Summary and conclusions 
 The goal of the source tracking study in the Wissahickon Creek watershed was to 
determine if a PCR-based method could adequately and accurately characterize 
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environmental E. coli and enterococci isolates for the classification of isolates of 
unknown provenance from surface waters.  It has been shown that by using appropriate 
statistical methods, this is possible.  k-nearest neighbor is not a frequently used 
classification method within MST research, but its application to the isolates collected in 
the study area is promising.  Also, E. coli is often the target organism of choice for a 
variety of genotypic methods, particularly BOX-PCR, but these data suggest that 
enterococci outperform E. coli with respect to RCC values.  Two possible limitations 
exist for the classification methods applied to the Wissahickon Creek isolate data.  When 
determining the RCC or source allocation of isolates, a given isolate could not be 
considered ‘unclassifiable’.  Thus regardless of the distance to the most closely matched 
known isolate, the given isolate would be forcibly matched to a source group.  Secondly, 
it was not possible to define a threshold or minimum distance for applying the 
classification algorithms.  The MatLab codes for discriminant analysis and k-nearest 
neighbor method offered few options for the classification syntax arguments. 
 An important consideration of the statistical methods used for analyzing the 
Wissahickon Creek watershed isolates are the issues regarding the proprietary gel 
analysis software and MatLab.  With regards to the TotalLab gel visualization package, 
there is no information available from the manufacturer regarding the algorithms used for 
calculating similarity indices, cluster analysis and dendrogram construction.  These 
hidden algorithms limit a thorough interpretation of the results, as the methods used to 
calculate the values are unknown.  Importing the BOX-PCR data into MatLab for more 
complex analysis created its own issues.  Much of the manipulation in MatLab required 
the data to be in a matrix with no missing values.  Thus, gel lanes with differing numbers 
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of bands created matrices with differing numbers of base pair values.  To be able to 
analyze the results in MatLab required binning base pairs values into appropriately sized 
bins.  Determining what constituted an appropriately sized range of bins was beyond the 
scope of this analysis, but it is possible that optimizing the bins could improve the 
classification of the BOX-PCR data. 
 The recommendations from this research are three-fold.  Increasing the number of 
isolates both of known and unknown provenance may improve the resolution of the 
source allocation, particularly for the demonstration sites suspected to be contaminated 
by known sources.  Since the enterococci isolated from WWTP effluent samples 
dominated the source allocation, further investigations are recommended as to their 
origin.  This could include a PCR-based library-independent source tracking method such 
as the use of a human host-specific marker for enterococci (Scott et al., 2005).  The use 
of k-nearest neighbor to classify isolates needs further evaluation.  Given its limited prior 
use in MST research, the promising results presented in this thesis suggest it has been 
wrongly overlooked and is worthy of consideration for future library dependent source 
tracking studies. 
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CHAPTER 3: THE USE OF ARA AS A MICROBIAL SOURCE TRACKING 
TOOL FOR E. coli AND ENTEROCOCCUS spp. 
 
 
 
 
Abstract 
 Environmental enterococci and Escherichia coli were isolated from a variety of 
sources in the Wissahickon watershed in southeastern Pennsylvania, to evaluate their 
levels of resistance to a suite of antibiotics using a phenotypic method of microbial 
source tracking.  Isolates were tested against ampicillin, amoxicillin, erythromycin and 
tetracycline at two dosages in agar growth plates.  A total of 175 isolates were subjected 
to the ARA procedure, and the results were analyzed using Jaccard coefficients of 
similarity, cluster analysis to characterize the datasets, and discriminant analysis and k-
nearest neighbor analysis to calculate rates of correct classification and classify the 
unknown isolates.  The Jaccard coefficients of the libraries of ARA data were similar 
(71%), and the k-nearest neighbor classification method showed itself to be more 
appropriate for the data.  Jackknife analysis of the known source groups was included to 
more rigorously analyze the classification methods.  Based on these statistical analyses, it 
was possible to classify isolates from water samples using a ‘livestock vs. all other 
known’ classification.  The majority of isolates from the water samples were assigned to 
the livestock source identification category. 
 
Keywords: Microbial Source Tracking; Acquired antibiotic resistance; E. coli; 
Enterococcus spp. 
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3.1 Introduction 
 Antibiotic resistance analysis (ARA) is a phenotypic, library-dependent method of 
microbial source tracking (MST) that has one of the longest histories of use for source 
identification of microbial pollution in the environment.  This method utilizes the 
resistance of fecal bacteria to antibiotics at varying concentrations to obtain resistance 
profiles.  By building a library of resistance profiles from known sources or host groups, 
isolates from a water body or other area of interest can be classified to a likely source or 
sources through the comparison of ARA profiles.  The underlying assumption of ARA is 
that the types and doses of antibiotics administered to different host species varies, and 
the acquired resistance exhibited by the bacteria excreted by the host species can be used 
for identifying environmental bacteria of unknown provenance.   
To better understand why antibiotic resistance has been the MST tool of choice 
for many researchers, an overview of the history of antibiotics, their modes of operation, 
mechanisms of resistance, and considerations for choosing an appropriate target organism 
are presented.  As a demonstration of ARA in an urban, mixed-use watershed, the 
methods, results and conclusions will be discussed for a source tracking project 
undertaken in southeastern Pennsylvania.  Overall conclusions in relation to other 
relevant MST projects are also considered, and recommendations are proposed for future 
ARA-based source tracking efforts. 
3.1.1 History of antibiotic use 
The term ‘antibiotic’ was introduced by microbiologist Selman Waksman in 
1941, who defined antibiotics as “chemical substances that are produced by 
microorganisms and have the capacity, in dilute solution, to selectively inhibit the growth 
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of and even to destroy other microorganisms” (Guardabassi and Courvalin, 2006).  By 
this definition, certain substances and compounds commonly considered antibiotics 
should in fact be termed ‘antimicrobial agents’, as they may not have originated from 
microorganisms.  An example of this error in classification relevant to the field of MST 
includes amoxicillin, which is a semi-synthetic compound.  However, for the purposes of 
this thesis, all antimicrobial agents will be referred to as antibiotics. 
Ancient cultures used fungi and plants to treat infections because of their 
antibiotic properties, but the development of antibiotics in their familiar form began in 
1928 with Alexander Fleming discovering the inhibitory effect of Penicillium notatum 
mold on Staphylococcus (Guardabassi and Courvalin, 2006). The discovery and 
development of new antibiotics continues, in part because of the emerging issues of 
bacterial resistance to existing agents.  Relevant to numerous MST studies, tetracycline 
was isolated from plants in 1948, erythromycin was isolated from soil samples in 1949, 
ampicillin was derived from penicillin in 1961, and amoxicillin was synthesized in 1972 
(Aarestrup, 2006).  Antibiotics are prescribed to animals and humans for a variety of 
reasons, including bacterial infections.  The methods and types of prescription vary 
between animals and humans, and this in part is linked to the occurrence of antibiotic 
resistant microorganisms in the environment.  Prescribing regimes for animals are usually 
prophylactic, given to all animals in a herd or group collectively.  Human prescription is 
usually targeted, given to individuals in a therapeutic approach. 
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3.1.2 Classes of antibiotics, modes and targets 
 Antibiotic agents can be classified according to their origin, type of activity or 
target of the activity in relation to how the antimicrobial action is achieved.  There are 
currently thirty classes of antibiotics in use for animals and/or humans (Aarestrup, 2006).  
These include penicillins (e.g. ampicillin), cephalosporins (e.g. amoxicillin), macrolides 
(e.g. erythromycin) and tetracyclines (Aarestrup, 2006).  The spectrum of an antibiotic 
refers to the range of susceptible bacterial groups, and mode of action denotes how the 
compound destroys bacteria. 
Ampicillin and amoxicillin are moderate-spectrum, bacteriolytic, β-lactam 
antibiotics.  Bacteriolyctic refers to their ability to destroy bacteria, and β-lactam refers to 
the target of the antibiotic, where amoxicillin and ampicillin inhibit bacterial cell wall 
synthesis (Aarestrup, 2006).  Gram-positive bacteria are particularly susceptible to β-
lactam antibiotics, but bacteria can become resistant by expressing beta-lactamase, an 
enzyme that deactivates the compound’s antibacterial properties.  Erythromycin is a 
narrow spectrum antibiotic, and is often used for people who are allergic to penicillins.  It 
binds to the ribonucleic acid (RNA) of the bacteria inhibiting protein synthesis, which in 
turn inhibits processes critical for life or replication (Aarestrup, 2006).  Tetracycline is a 
broad-spectrum, polyketide antibiotic indicated for use against many bacterial infections.  
Polyketide refers to its derivation as a secondary metabolite from plants.  The mechanism 
of action is by binding to the RNA of the bacteria, affecting the ribosome functions in the 
genetic code (Schwarz et al., 2006). 
By understanding how antibiotics act upon bacteria, the methods of resistance 
become comprehendible.  In turn, this is fundamental to the concept of ARA for source 
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tracking in order to select the correct antibiotics at biologically relevant doses to 
determine resistance among known sources in a defined geographical area. 
3.2 The principle of antibiotic resistance analysis (ARA) 
 Antibiotic resistance analysis relies on the ability of fecal indicator bacteria to 
show resistance to antibiotics, as would occur though exposure in the gastro-intestinal 
tract of the host organism.  This is considered a library-dependent, phenotypic MST 
method as it relies on a library of observable characteristics (i.e. growth or resistance) of 
known bacteria to be collated prior to the identification of unknown bacteria derived from 
the environment.  The broadly defined theory of this method relies on different known 
host groups being prescribed different antibiotics at different doses, and the host bacterial 
flora developing resistance to the antibiotics.  Although a few antibiotics are prescribed 
only to certain animals or to humans, most are prescribed across species boundaries.  In 
addition, livestock in particular are typically exposed to a variety of antibiotic compounds 
administered in the feed, for their use as growth-promoters, at sub-therapeutic levels, and 
in anticipation of disease outbreaks (Prescott, 2006). 
3.2.1 Mechanisms of resistance 
 Bacterial resistance to antibiotics can be defined as growth “in the presence of 
higher concentrations of the drug compared with phylogenetically related strains” 
(Guardabassi and Courvalin, 2006).  Therefore resistance is a relative term, with some 
bacteria resistant to certain antibiotics and some susceptible to many antibiotics.  
Resistance can be described as intrinsic or acquired, and this characteristic is important in 
its application to source tracking studies.  Intrinsic resistance is exhibited by a 
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microorganism through structural or functional traits that allow tolerance to an antibiotic 
compound or class by all members of the bacterial group (Guardabassi and Courvalin, 
2006).   This can be considered a defense mechanism of the microorganism, as a mode of 
survival that reduces its susceptibility to a harmful substance.  Levels of intrinsic 
resistance among clinically relevant bacteria are of concern to medical practitioners, as it 
increases the possibility of acquired resistance in potentially pathogenic strains. 
 Acquired resistance of microorganisms to antibiotics is due to a genetic change in 
the genome, which can be the result of a mutation and/or the acquisition of foreign 
genetic material (Guardabassi and Courvalin, 2006). Unlike acquired resistance, which is 
usually plasmid encoded, intrinsic resistance is based in chromosomal genes, which 
typically are nontransferable.  Bacterial mutations are spontaneous changes in genetic 
material, and can lead to certain strains of a bacterium being resistant to certain 
antibiotics, while closely related strains are not resistant to the same antibiotic or to 
antibiotics of the same class.  Multi-resistant Staphylococcus aureus is an example of a 
bacterium acquiring resistance to multiple antibiotics due to a high rate of mutations in 
the genome when the bacterium is a fast-growing organism. 
3.3 Use of ARA for microbial source tracking 
Wiggins (1996), Wiggins et al. (1999; 2003) presented a series of studies 
examining ARA in watersheds in Virginia, designed to differentiate between human and 
animal sources of fecal pollution.  The target organisms were fecal streptococci at a 
group level and enterococci at a genus level, and they were tested against eleven 
antibiotics at up to four different concentrations.  ARA was chosen as the method of 
analysis because the results from a final library of 6,587 isolates from 698 samples were 
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shown to be representative for source identification of host species in multiple 
watersheds. 
 Hagedorn et al. (1999) applied ARA to fecal streptococci in Virginia, using a 
library of 7,058 isolates from 147 samples.  The objectives were to validate the method 
described in Wiggins (1996) and identify sources of pollution in a different watershed.  
Isolates were tested against six antibiotics at up to five different concentrations, and the 
results suggested that cattle herds were the dominant source of bacteria in the watershed.  
A subsequent intervention approach reduced thermotolerant (fecal) coliform counts in the 
water, by restricting the cows’ access to the brook. 
 Harwood et al. (2000) targeted fecal streptococci and thermotolerant (fecal) 
coliforms for their ARA method, applied to subtropical surface waters in Florida.  
Thermotolerant coliforms (N = 6,144) were tested against eight antibiotics at four 
concentrations, and fecal streptococci (N = 4,619) were tested against nine antibiotics at 
four concentrations.  This different testing regime accounted for the intrinsic resistance of 
coliforms to vancomycin.  The objective was to distinguish between domestic 
wastewater-derived isolates and animal fecal isolates, and the ARA profiles were tested 
against two demonstration sites.  The first site was impacted by septic tank effluent and 
the second site was considered to have little human impact.  Both the fecal coliform and 
fecal streptococci ARA results were able to distinguish between human- and animal-
derived isolates, although the comparable survival rates of the target organisms affected 
the analyses. 
 Anderson et al. (2006) used ARA in conjunction with a phenotypic method for 
the analysis of 720 Escherichia coli (E. coli) isolates.  Ribotyping was conducted on 120 
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isolates, and ARA conducted on 600 isolates using seventeen antibiotics at either one or 
two doses.  The aim was to determine the structure of E. coli populations in their host 
species, and the authors concluded that the diversity of populations in different host 
species based on the ARA profiles exhibited variability between host individuals and 
over time. 
3.4 Considerations when using indicator organisms for ARA  
Because of the acquired and intrinsic resistance of bacteria on clinically important 
isolates, surveillance programs have been established in a number of countries, primarily 
in Europe and the USA.   The first and most comprehensive is DANMAP, the Danish 
program for surveillance of antimicrobial resistance in bacteria from livestock, foods, and 
humans, initiated in 1995.  The NARMS program (National Antimicrobial Resistance 
Monitoring System – Enteric Bacteria) began in the USA in 1996.  Because of the 
importance of assessing bacterial resistance to antibiotics, these programs evaluate E. 
coli, enterococci and other bacteria from sources such as animals, food and humans.  
Through monitoring the exhibited resistance to antibiotics of bacteria isolated from these 
sources, decisions can be made regarding the dosage of select agents in animal feed 
stocks, and subsequent impacts on humans and the environment. 
Enterococci are intrinsically resistant to many antibiotics. Penicillin, ampicillin, 
piperacillin, imipenem, and vancomycin are among the few antibiotics that show 
consistent inhibitory, but not bactericidal, activity against E. faecalis (Gilmore, 2002). E. 
faecium are less susceptible to ß-lactam antibiotics than E. faecalis because the penicillin-
binding proteins of the former have lower affinities for the antibiotics (Kak and Chow, 
2002).  With regards to specific antimicrobial agents used with enterococci for ARA 
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purposes, approximately 65% of clinical enterococci isolates have been found to have 
acquired resistance to tetracycline, and ampicillin is among the most effective ß-lactam 
antibiotics for enterococci (Kak and Chow, 2002). 
 E. coli strains associated with avian diseases have shown increased resistance to 
tetracycline, as the use of antibiotics has increased in broiler chicken diets (White, 2006).  
Ampicillin resistant strains have also been observed from cattle, pigs, sheep, dogs and 
cats (White, 2006).  As a consequence of these data, new antibiotics were developed, 
particularly for administration to livestock.  However, E. coli mutations have been 
observed to provide resistance to oxazolidinones, a new class of antimicrobial agent 
developed in response to multi-drug resistant strains of Gram-positive bacteria (Kak and 
Chow, 2002). 
 It is clear from previous research that the addition of antibiotics to livestock feed 
has had a profound effect on the resistance of bacteria, particularly with regards to 
pathogenic strains of commonly used fecal indicator bacteria.  Pathogenic bacteria exhibit 
resistance to antibiotics administered to animals, and resistant bacteria isolated from 
animals can have an indirect effect on humans and the environment.  A link between 
antibiotic resistant strains of bacteria in animals and humans has not yet been identified, 
and the consensus of opinion seems to be that human-associated resistant strains of 
bacteria are a consequence of human-prescribed antibiotics (Singer et al., 2003).  The use 
of ARA for source tracking purposes is an interesting study in both the sources of fecal 
indicator bacteria, and the fate and occurrence of antibiotic resistant bacteria in the 
environment. 
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3.5 Research objectives 
 The objective of this research was to use ARA as a tool for tracking the sources of 
fecal bacteria contamination in the Wissahickon Creek watershed in Philadelphia and 
Montgomery counties of southeastern Pennsylvania.  This is a 64 square mile, mixed land 
use watershed, partly under the jurisdiction of the Philadelphia Water Department 
(PWD).  The PWD initiated the research with Drexel University in 2004, as the 
Wissahickon Creek has been a focus of studies on contamination and is a major tributary 
of the Schuylkill River, a source of drinking water for the city of Philadelphia.  By 
characterizing the potential sources of fecal contamination in the watershed using ARA 
for E. coli and enterococci isolates, groups of known host sources were evaluated to 
determine how well they represent ARA results from individual hosts or sources.  The 
aim of this analysis was to construct libraries of ARA data, to which isolates of unknown 
provenance obtained from surface water samples could be compared.  Using 
classification methods, water isolates of unknown origin were assigned a source category 
that best represented the ARA profiles of the isolates. 
3.6 ARA experimental methods 
 Water, wastewater treatment plant (WWTP) finished effluent, and fecal samples 
were collected from multiple locations within the Wissahickon Creek watershed from 
January 2007 to October 2008.  The sites were chosen based on multiple factors 
including previous monitoring efforts by the PWD, co-operation with facility managers, 
and good relations with business owners.   
E. coli and enterococci were isolated from 52 surface water samples from four 
sites namely WISS140, WISS410 and the Schuylkill Center for Environmental 
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Education.  The fourth water sampling location was at Fox Chase Farm in the 
neighboring Pennypack Creek watershed, approximately 10 miles west of the 
Wissahickon Creek.  Forty eight WWTP effluent samples were collected from three 
facilities, and 154 animal fecal samples were collected from eleven sites.  Standardized 
protocols were used for the isolation of bacteria from the water and WWTP effluent 
samples (Standard Methods for the Examination of Water and Wastewater (2007); 
USEPA (2005a)) and minor modifications were made to published protocols for the fecal 
samples (Wiggins (1996); Guan et al., (2002)).  Figure 21 shows the occurrence of E. coli 
isolates and enterococci taxa in the water and WWTP effluent samples, and Figure 22 
shows the same data for the animal samples. 
 
 
 
 
Figure 21 Enumeration of isolates from water and WWTP effluent sites 
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 It is clear that the numbers of isolates obtained from the water sampling locations 
(Fox Chase Farm, the Schuylkill Center for Environmental Education, WISS140 and 
WISS410) show variability, and there are also differences in the WWTP effluent isolates.  
When comparing the two sample groups, E. coli are more abundant than enterococci in 
the water samples, and the converse is true for the effluent samples.  Fox Chase Farm and 
the SCEE were included in the analyses as demonstration sites, where the farm was 
expected to be influenced by livestock, and the SCEE was expected to be influenced by 
wildlife and/or waterfowl.  All isolates were biochemically tested to confirm their 
identity, and stored at 4°C on nutrient agar slants prior to the ARA procedure. 
 
 
 
 
Figure 22 Enumeration of isolates from animal sources 
 
 
 
 Within the animal fecal sample group, the highest numbers of isolates were 
recovered from cow and goose fecal samples, and domestic animals (cat and dog) were 
the most difficult in terms of isolating the required bacteria.  Within the enterococci 
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group, the dominant strain was E. faecium, followed by E. faecalis.  E. durans and E. 
avium were rarely identified. 
3.6.1 Antibiotic plate preparation 
The ARA procedure was undertaken separately for the two bacterial targets (E. 
coli and enterococci) because of the different growth media requirements.  The protocol 
described in Wiggins (1996) was modified for 84 of the enterococci isolates (25% of the 
complete library of environmental enterococci).  Each isolate was tested in duplicate, and 
some were tested in triplicate due to ambiguous results.  Of the 84 isolates, 23 were from 
water samples, 21 were from WWTP effluent samples, 32 were from fecal samples and 
the remainder (N = 8) were American Type Culture Collection strains (E. faecium ATCC 
35667, E faecalis ATCC 51299).  Antibiotic resistance was determined using four 
antibiotics at two doses, as determined by the lowest and highest used in Wiggins (1996), 
and all plates for enterococci used tryptic soy agar (TSA) as the growth medium.  
Amoxicillin (AMX) plates contained 5 µg/mL and 20 µg/mL of the antibiotic.  
Ampicillin (AMP), erythromycin (ERY), tetracycline (TET) plates each contained 10 
µg/mL and 50 µg/mL of the antibiotic.  In addition to the antibiotic dosed plates, each 
isolate was tested against two blank TSA plates containing no antibiotic, to confirm 
growth on the medium.  Full details of the ARA standard operating procedure are given 
in Appendix D. 
 A similar procedure for the E. coli isolates was adapted from Harwood et al. 
(2000), which in turn was based on the protocol presented in Wiggins (1996), for 74 of 
the E. coli isolates (25% of the complete library of environmental E. coli).  Each isolate 
was tested in duplicate, and some were tested in triplicate.  Of the 74 isolates, 23 were 
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from water samples, 6 were from WWTP effluent samples, 37 were from fecal samples 
and the remainder (N = 8) were an American Type Culture Collection strain (E. coli 
ATCC 25922).  Instead of TSA, the antibiotic plates were prepared using Mueller Hinton 
agar, but the dosages for each antibiotic were the same as for the enterococci. 
3.6.2 Isolate preparation 
 The selected isolates were enriched overnight in 1 mL of the appropriate broth, 
and 100 µL was pipetted into microwell plates.  Enterococcosel broth was used for 
enrichment for the enterococci isolates, and for the E. coli isolates, EC medium was used.  
A 48-prong replicator was employed to transfer the isolates from the microwell plates to 
the agar plates, and these were incubated for 24 hours at 37°C.  Growth was recorded 
based on observation of the plates after incubation, and any growth in the presence of an 
antibiotic was considered to be indicative of resistance.  All isolates grew on the blank 
control plates, so no environmental isolates had to be excluded from the analyses.  As all 
ARA tests were conducted in duplicate, any isolates that grew on only one of two dosed 
plates were retested for confirmation.  Typical ARA plates are shown in Figure 23, where 
the top plate in each picture is the antibiotic-dosed plate and the bottom two plates are 
blank plates.  The top left plate contained a low dose of antibiotic, to which the isolates 
showed resistance and were able to grow.  The top right plate had a higher dose of the 
antibiotic, and the isolates were not able to grow due to inadequate resistance. 
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Figure 23 Typical antibiotic resistance analysis plates 
 
 
 
3.7 Statistical analysis 
3.7.1 ARA data handling 
 The results of the antibiotic resistance analysis were recorded in a pseudo-binary 
format in spreadsheets.  The traditional binary approach of zeros and ones was not 
appropriate for recording the data, as further analyses would not be possible using zeros 
to signify an ARA response.  This is because calculations on the ARA data coded using 
the traditional binary format would require an operation to be undertaken on null values. 
Therefore the number ‘1’ was used to denote no resistance to an antibiotic, and the 
number ‘2’ was used to denote resistance.  The spreadsheets were converted to a text (tab 
delimited) document and imported into MatLab R2008a (version 7.6.0) for further 
analyses, using the ‘Import Data…’ menu option.  The option ‘Create vectors from each 
row using row names’ imported each sample ARA response as a vector.  For both the E. 
coli and enterococci datasets, the column headers were AMX low, AMX high, AMP low, 
AMP high, ERY low, ERY high, TET low, and TET high. 
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3.7.2 Jaccard coefficients of similarity of ARA data 
 The Jaccard index was originally developed as a statistic used for comparing the 
similarity and diversity of sample sets.  It was first used to assess similarity among 
distributions of flora in different geographic areas (Jaccard, 1912). This results in a 
matching coefficient for binary variables in which joint absences are excluded from both 
denominator and numerator, and equal weight is given to matches and non-matches. 
The MatLab computation for Jaccard matching is actually a dissimilarity 
calculation, not a similarity index.  Thus, for the generation of a similarity index from the 
Jaccard dissimilarity calculation, the inverse of the pairwise distance command using the 
metric was used.  MatLab codes for the statistical analyses are included in Appendix C. 
The results of the ATCC strains for each dataset were used to determine the 
correct threshold of the Jaccard indices that could be considered a homogeneous dataset.  
The E. coli ARA dataset contained one ATCC strain, and this was subjected to the ARA 
procedure eight times.  The minimum Jaccard index for these isolates was 0.88 
(highlighted in Table 15), and this was the threshold for determining the homogeneity of 
subsequent sub-groups of isolates.  The same procedure was used for the enterococci 
ATCC strains (of which there were two), giving a minimum Jaccard index of 0.75 
(shown in Tables 16 and 17).  Given these criteria, the known source groups were 
evaluated to determine the homogeneity of each group, and groups in combination. 
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Table 15 Jaccard similarity indices of E. coli ATCC ARA data 
ID# 135 151 191 227 396 429 449 640 
135 1.00 1.00 0.88 1.00 1.00 1.00 1.00 1.00 
151 1.00 1.00 0.88 1.00 1.00 1.00 1.00 1.00 
191 0.88 0.88 1.00 0.88 0.88 0.88 0.88 0.88 
227 1.00 1.00 0.88 1.00 1.00 1.00 1.00 1.00 
396 1.00 1.00 0.88 1.00 1.00 1.00 1.00 1.00 
429 1.00 1.00 0.88 1.00 1.00 1.00 1.00 1.00 
449 1.00 1.00 0.88 1.00 1.00 1.00 1.00 1.00 
640 1.00 1.00 0.88 1.00 1.00 1.00 1.00 1.00 
 
 
 
 
 
 
Table 16 Jaccard similarity indices of E. faecium ATCC ARA data 
ID# 012 049 259 277A 277B 
012 1.00 1.00 1.00 0.88 0.88 
049 1.00 1.00 1.00 0.88 0.88 
259 1.00 1.00 1.00 0.88 0.88 
277A 0.88 0.88 0.88 1.00 1.00 
277B 0.88 0.88 0.88 1.00 1.00 
 
 
 
 
 
 
Table 17 Jaccard similarity indices of E. faecalis ATCC ARA data 
ID# 122 321 511 550 
122 1.00 0.75 0.88 0.88 
321 0.75 1.00 0.88 0.88 
511 0.88 0.88 1.00 1.00 
550 0.88 0.88 1.00 1.00 
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Based on these thresholds calculated for the ATCC isolates, it was possible to 
evaluate the ARA profiles for the known host groups.  The measures of the homogeneity 
of the two ARA datasets using the Jaccard similarity coefficient thresholds are shown in 
Table 18.  Because the number of isolates was low, some groups (e.g. domestic animal) 
had to be combined with other ARA datasets.  The combination of groups shown in Table 
18 loosely reflects association with human sources.  Domestic animal could be 
considered to have a close proximity to humans, because of shared habitat.  Livestock 
were then added to the group, followed by wildlife as wild mammals and waterfowl 
could be considered to have the furthest proximity to humans. 
 
 
 
Table 18 Jaccard similarity values of ARA responses for known groups of isolates 
based on thresholds of 0.88 for E. coli and 0.75 for enterococci 
 
Number of 
Jaccard 
indices  
% above 
threshold 
E. coli WWTP effluent 36 72.22 
 Livestock 144 80.56 
 Wildlife 361 63.43 
 WWTP effluent & Domestic 64 59.38 
 WWTP & Domestic & Livestock 400 76.50 
 
WWTP & Domestic & Livestock & 
Wildlife 1,521 74.16 
 All non-WWTP  1,089 68.14 
 Average of all known sources - 70.63 
Enterococci WWTP effluent 729 79.70 
 Livestock 121 70.25 
 Wildlife 625 69.28 
 WWTP effluent & Domestic 900 72.22 
 WWTP & Domestic & Livestock 1,296 67.75 
 
WWTP & Domestic & Livestock & 
Wildlife 4,356 70.11 
 All non-WWTP  1,521 65.68 
 Average of all known sources - 70.71 
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3.7.3 Cluster analyses of ARA data 
The cluster analysis and dendrogram construction for the ARA data were 
implemented in MatLab, which compared the clustering of known source groups using a 
combination of linkage methods and distance metrics.  Of the available linkage methods 
and distance metrics, the following were chosen for analyzing the ARA data: 
• Euclidean distance (default) – square root of the sum of discordant cases, where 
the minimum value is zero with no upper limit. 
• Jaccard distance - one minus the Jaccard coefficient, using the percentage of 
nonzero coordinates that differ. Equal weight given to matches and mismatches. 
• Average linkage - unweighted average distance, also known as UPGMA 
(Unweighted Pair Group Method with Arithmetic Mean). 
• Complete linkage – furthest distance. 
• Single linkage (default) – shortest distance. 
These measures were chosen based on recommendations from previous review 
articles (Ritter et al., 2003; Albert et al., 2003), and their application in previous ARA 
analyses (e.g. Anderson et al., 2006).  The choice of linkage or distance metric did not 
affect the groupings of the known sources, merely changing their position within the 
‘branches’ of the dendrogram.  The aim of this analysis was to determine if clearly 
identifiable clusters could be generated from the data.  Thresholds above which groups 
were evaluated were calculated based on the groupings of identical laboratory replicates.   
The ARA data did not generate clearly delineated groups for any known host 
group or species.  The E. coli data clustered into nine groups, four containing only one 
isolate, while the remainder had a diverse membership across all known host groups, as 
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shown in Figure 24.  Similarly the enterococci data clustered into twelve groups, six of 
which contained only one isolate.  Other groups were generally of diverse origin, 
although there was one group consisting of only five WWTP effluent isolates.  However 
this was less than half of all WWTP effluent isolates in the analysis, with the remainder 
spread between five other groups, as shown in Figure 25.  The largest group in each 
figure shows the cluster that exhibited the minimum resistance to the suite of tested 
antibiotics/concentrations.  For the E. coli isolates, all members of this cluster (number 3) 
were resistant to low dose AMX and ERY.  For the enterococci isolates, members of this 
cluster (number 2) were not resistant to any antibiotics at the prescribed doses. 
 
 
 
 
Figure 24 All known host E. coli by group from hierarchical cluster analysis based 
on a threshold of 0.88 
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Figure 25 All known host enterococci by group from hierarchical cluster analysis 
based on a threshold of 0.75 
 
 
 
3.8 Classification analysis of ARA data 
In order to classify the isolates from the Wissahickon Creek water samples to a 
known source group, the isolate groups were evaluated to determine rates of correct 
classification (RCCs) using discriminant analysis (DA) and k-nearest neighbor analysis 
(knn).  The RCC values were first calculated using a self-cross approach, where the ARA 
profile of a given isolate remained in the library during the analysis.  A refinement of this 
method was also incorporated by manually jackknifing the data, a technique also known 
as hold-out analysis or cross-validation.  By removing the ARA profile of each isolate in 
turn, the RCCs would not be artificially increased by matching an isolate to itself in the 
library. 
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3.8.1 Discriminant analysis of ARA data 
Discriminant analysis aims to calculate maximum between-group variance 
relative to within-group variance, by forming one or more linear combinations 
(discriminant functions) of the discriminating variables. The purpose of the analysis is to 
classify objects (e.g. isolates) into one of two or more groups based on a set of features 
that describe the objects (e.g. antibiotic resistance).  In general, an object is assigned to 
one of a number of predetermined groups based on observations made on the object.  The 
application of DA is one of the most popular classification methods for ARA data (e.g. 
Hagedorn et al. (1999); Wiggins et al. (2003); Carroll et al. (2009)).  RCC values using 
DA were calculated separately for the E. coli and enterococci ARA profiles in MatLab, 
and all codes are included in Appendix C. 
3.8.2 k-nearest neighbor analysis of ARA data 
 The use of knn to classify MST is less frequent than DA, although articles 
reviewing statistical methods for classifying isolates for source tracking purposes 
recommended this method for library-dependent datasets (Albert et al. (2003); Robinson 
et al. (2007)). An object (e.g. isolate) is classified by a majority vote of its neighbors, 
with the object being assigned to the class most common amongst its k nearest neighbors.  
The value of k (i.e. the number of neighbors to which an object is compared) depends on 
the dataset.  Suggestions have been made for determining the value of k (Enas and Choi, 
1986), but for the ARA datasets for the Wissahickon Creek watershed, the value of k was 
determined by calculating the RCCs.  The minimum k value giving the highest RCC for 
each group was calculated.  Tables 19 and 20 compare the self-cross values of RCCs 
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calculated using DA and knn for the ARA data, and in the case of knn, the optimum 
value for k is also shown. 
 
 
 
Table 19 RCC values for E. coli ARA data 
  Discriminant 
Analysis 
k-nearest neighbor 
Source 
group 
Number of 
isolates 
% RCC Min k for best 
classification 
% RCC 
Domestic 2 50.0 * 0.0 
Livestock 12 25.0 3 100.0 
WWTP 6 0.0 1 17.0 
Waterfowl 11 0.0 1 9.0 
Wildlife 19 25.0 3 25.0 
*Note: An optimum k value was not possible for the domestic animal source group. 
 
 
 
 
 
 
Table 20 RCC values for enterococci ARA data 
  Discriminant 
Analysis 
k-nearest neighbor 
Source 
group 
Number of 
isolates 
% RCC Min k for best 
classification 
% RCC 
Domestic 3 33.3 2 100.0 
Livestock 11 0.0 3 81.8 
WWTP 27 22.2 1 11.1 
Waterfowl 16 0.0 3 37.5 
Wildlife 25 20.0 6 66.7 
 
 
 
 By jackknifing the data, the RCCs remained the same for some source groups, 
and for others there was a decrease.  Analyzing the E. coli ARA dataset, the jackknife 
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analysis had little effect on the RCC values.  All values remained unchanged except for 
the livestock RCC, which decreased to 99.1%.  The jackknifed knn-derived RCCs for the 
enterococci ARA data gave a maximum RCC of 81.8% for the livestock group 
(unchanged), 66.6% for domestic animals, 42.0% for wildlife, 20.0% for waterfowl (all 
decreased) and 11.1% for WWTP effluent (unchanged).  The DA-derived RCCs for the 
enterococci data were unchanged. 
3.8.3 Classification of surface water isolates 
 Based on the jackknife analysis of the known source E. coli and enterococci 
isolates, those derived from livestock isolates using the knn approach showed the most 
appropriate RCCs for source assignment.  This follows previous recommendations 
(USEPA, 2005b), where a minimum RCC of 80% was applied to confidently classify an 
isolate to a known source group.  Therefore the appropriate level of classification for the 
ARA data would be ‘livestock vs. all other known’. 
 Two sampling sites on the Wissahickon Creek were targeted for surface water 
sampling, namely WISS140, near the confluence of the Wissahickon Creek with the 
Schuylkill River, and WISS410, approximately five miles north of the confluence with 
the Schuylkill River.  In addition, as previously mentioned, two demonstration sites were 
included in the water sampling efforts to evaluate how the libraries of profile data would 
perform in environments where the sources of contamination were suspect.  Fox Chase 
Farm was assumed to be predominantly influenced by livestock vs. wildlife, and the 
Schuylkill Center for Environmental Education (SCEE) was suspected to be 
predominantly influenced by wildlife and/or waterfowl vs. WWTP effluent or septic 
systems. 
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Five E. coli isolates from water samples at Fox Chase Farm were tested using the 
ARA method, and at k = 3, four isolates (80.0%) were assigned to the livestock 
classification.  Three E. coli isolates from the creek at the SCEE was tested using the 
ARA method, and at k = 3, all were assigned to livestock.  At WISS140 seven E. coli 
isolates were profiled using ARA and six isolates (85.7%) were assigned to the livestock 
classification.  At WISS410 eight E. coli isolates were tested and seven (87.5%) were 
classified as livestock. 
Six enterococci isolates from water samples at Fox Chase Farm were tested using 
the ARA method, and at k = 3, five isolates (83.3%) were assigned to the livestock 
classification.  Only one enterococci isolate from the creek at the SCEE was tested using 
the ARA method, and at k = 3, it was also assigned to livestock.  At WISS140 nine 
enterococci isolates were profiled using ARA and five isolates (55.6%) were assigned to 
the livestock classification.  At WISS410 fifteen enterococci isolates were tested and 
fourteen (93.3%) were classified as livestock. 
3.9 Discussion 
The Jaccard coefficients of similarity indicated that within the E. coli isolates, the 
most homogeneous group was livestock, with 80.6% of its members above the minimum 
similarity value exhibited by its ATCC isolates.  The least homogenous known source E. 
coli group was the combined WWTP effluent and domestic animal group.  These groups 
were combined because the number of domestic animal isolates in the analysis was very 
low, with only two dog isolates tested.  Among the enterococci group, the WWTP 
effluent isolates were the most homogeneous, with 79.7% of its members above the 
minimum similarity value exhibited by its ATCC isolates, and the group labeled ‘WWTP 
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& Domestic & Livestock’ was the least homogeneous at 67.8%.  When comparing the 
average percentages above the minimum Jaccard indices, the two sets of isolates were 
nearly identical, with approximately 71% above the threshold across all known source 
groups. 
The cluster analysis and dendrogram construction did not show clearly defined 
groupings in the known source data.  The aim of this method was to determine how 
closely groups were associated, and if clusters were predominantly comprised of isolates 
from the same host group.  As previously shown in Figures 24 and 25, it was not possible 
to consistently group either the tested E. coli or enterococci isolates into homogenous 
clusters.  Isolates from individual groups were typically scattered across multiple clusters, 
and there were many ‘clusters’ comprised of only one isolate. 
To calculate RCCs of the known host groups, discriminant analysis did not 
perform as well as demonstrated in previous ARA source tracking studies.  RCCs were 
typically low and not useful to classify isolates of unknown provenance from water 
samples.  However, the k-nearest neighbor approach generated respectable RCCs for the 
livestock classification for both E. coli (100%) and enterococci (81.8%).  Applying the 
jackknife sampling technique reduced the E. coli livestock RCC slightly to 99.1%, and 
the enterococci livestock RCC remained at 81.8%.  All other RCC values were below an 
acceptable percentage, postulated to be 80%, thus isolates from water samples were 
classified as ‘livestock vs. all other known’. 
 Based on these classification levels, the dominant source of E. coli and 
enterococci at all four surface water sampling sites was suggested as being from 
livestock.  This is surprising given that agriculture accounts for only 6% of land use in 
  
127 
the watershed, compared to 75% of the watershed considered as urban (Philadelphia 
Water Department, 2007).  It is possible that given the limited number of isolates tested, 
from both known sources and from ‘unknown’ sources, coupled with a small suite of 
antibiotics, the ‘livestock vs. all other known’ classification level is obscuring the true 
classification of water sample isolates.  However, given the consistency of the result from 
both E. coli and enterococci isolates, this seems unlikely.  This coupled with the fact that 
isolates from livestock were not the largest known source group tested (24% of the E. 
coli, 13% of the enterococci), suggests that these results do represent a genuine source of 
bacterial contamination into the Wissahickon Creek. 
3.10 Summary and conclusions 
 The aim of applying antibiotic resistance analysis to isolates from the 
Wissahickon Creek watershed was to classify isolates of unknown source from surface 
water samples to determine their origin.  ARA is a time- and labor-intensive MST 
method, which explains why only 25% of the available E. coli and enterococci isolates 
were tested.  Although the cost of materials, for example hardware and reagents, is low 
(an attribute that makes ARA source tracking approaches attractive to researchers) the 
implementation of the procedure is time-consuming.  Any library-dependent source 
tracking method requires time to compile the library of responses to the selected 
analytical tests, but the effort involved for ARA methods is significant when compared to 
other methods, such as PCR-based protocols. 
 The limitations of the presented results are partly as a consequence of the small 
suite of tested antibiotics at a limited number of concentrations.  Comparable studies have 
used a wider range of dosed plates, as recently demonstrated in Carroll et al. (2009) 
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where eight antibiotics at each of four concentrations were tested.  In order to process 
isolates more quickly, four antibiotics at each of two concentrations were used for the 
Wissahickon Creek isolates, and this resulted in a less refined ARA profile for each 
isolate.  In addition, the prevalence of isolates showing no resistance to any antibiotics 
(36.7% of the enterococci) and those showing resistance to only the minimum dosages of 
antibiotics (41.5% of the E. coli) could be partly as a result of the smaller range of 
antibiotics. 
 Overall, the ARA method applied to a subset of the Wissahickon Creek isolates 
remains questionable, even though the k-nearest neighbor classification method withstood 
the jackknife analysis for some of the rates of correct classification.  This resulted in a 
relatively robust source assignment of ‘livestock vs. all other known’ for the surface 
water isolates.  It is likely that both the layout of antibiotic type and dose was too limited, 
and the number of isolates tested was too small to provide reliable conclusions upon 
which to implement watershed source controls.  Complementary to the traditional 
culturing methods, molecular methods also exist to detect potential antibiotic resistance.  
These methods have been primarily developed for clinical purposes (e.g. Damborg et al., 
2009), although their use for environmental issues of antibiotic resistance is increasing 
(e.g. Anderson et al., 2008).  If the focus of microbial source tracking in the Wissahickon 
Creek watershed continues to include ARA profiles of isolates, the addition of a 
genotypic method to determine antibiotic resistance of environmental isolates is 
recommended. 
 
 
  
129 
CHAPTER 4: IMPLEMENTATION OF LIBRARY-DEPENDENT GENOTYPIC 
AND PHENOTYPIC MICROBIAL SOURCE TRACKING METHODS 
 
 
 
 
Abstract 
 The use of genotypic and phenotypic source tracking methods for the source 
identification of fecal indicator bacteria in surface waters has been well documented in 
environmental research.  By combining antibiotic resistance analysis and a polymerase 
chain reaction-based analytical method for the classification of Escherichia coli and 
Enterococcus spp., the sources of bacterial contamination were evaluated in a mixed-use 
watershed in southeastern Pennsylvania.  Water samples were collected from two sites in 
the Wissahickon Creek, wastewater treatment plant effluent samples were collected from 
three facilities discharging into the creek, and fecal samples were collected from multiple 
host species at multiple locations within the watershed.  Antibiotic resistance profiles and 
molecular fingerprints were determined for the isolated bacteria, and libraries of data 
were constructed.  The use of the k-nearest neighbor classification algorithm was 
determined to be the most appropriate source classification method, and enterococci 
DNA fingerprints were determined to be the most robust dataset.  Wastewater treatment 
plant-derived isolates were the dominant source of enterococci at the two water sampling 
sites (84.4%; 57.5%).  Domestic animal, livestock, waterfowl and wildlife-derived 
enterococci isolates were identified with much lower frequency at each location. 
 
Keywords: Microbial Source Tracking; Genotypic method; Phenotypic method; E. coli; 
Enterococcus spp. 
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4.1 Introduction 
 The issues of tracking the sources of fecal contamination in surface waters have 
been extensively discussed and a consensus of opinion as to the most appropriate 
methods for a given geographical area has yet to be achieved (Scott et al., 2002; Simpson 
et al., 2002).  Library-dependent methods for microbial source tracking (MST) in 
freshwater environments have been applied to a variety of study areas, and have been 
employed using a variety of phenotypic analytical methods including antibiotic resistance 
analysis (e.g. Wiggins, 1996; Parveen et al, 1999; Edge and Hill, 2005).  More recent 
developments in the field of library-dependent MST are increasingly focused on 
genotypic methods, such as ribotyping (e.g. Carson et al, 2001), repetitive extragenic 
palindromic polymerase chain reaction (rep-PCR) (e.g. Hassan et al., 2005) and host 
specific molecular markers (e.g. Ahmed et al., 2008).  The application of library-
independent source tracking techniques is also becoming more popular, particularly with 
the development of quantifiable real-time PCR analyses.  For the purposes of the 
presented research, library-dependent source tracking methods using complementary 
phenotypic and genotypic methods were applied to a 64 square mile, predominantly 
urban watershed in southeastern Pennsylvania. 
 The target organisms of choice were Escherichia coli (E. coli) and Enterococcus 
spp.  Sampling of water, wastewater treatment plant (WWTP) effluent and fecal samples 
yielded varying concentrations of E. coli, Enterococcus faecium (E. faecium), E. faecalis, 
E. durans and E. avium, using standard isolation techniques for WWTP effluent samples, 
and methods adapted from previously published literature for fecal samples.  The choice 
of these target organisms was based on their widespread use as indicators of fecal 
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contamination in surface waters, and the availability of suitable standard operating 
procedures in terms of their application in a source tracking effort.  The phenotypic 
method was antibiotic resistance analysis (ARA) using a suite of antibiotics at two 
concentrations to determine the exhibited resistance of the E. coli and enterococci isolates 
in terms of prior exposure in the host animal.  For the genotypic component, a PCR-based 
method using the BOX-A1R primer was employed, using the primer sequence first 
identified in the genome of Streptococcus pneumoniae (Martin et al., 1992). 
Overall, 650 isolates were acquired from 254 samples over the 22-month 
sampling period in 2007 and 2008.  Water samples were collected from two locations on 
the main stem of the creek, and WWTP effluent samples were collected from three 
facilities discharging into the creek closer to its headwaters.  The fecal sampling strategy 
focused on a simplified host classification scheme to most effectively target efforts on 
host species or sources that were abundant in the watershed, and thus assumed to be the 
most significant in terms of bacterial loads.  The main objective of the research was to 
identify sources of fecal contamination to support a watershed program of source control.  
Therefore, by determining which potential host species were most important in terms of 
possible water quality mitigation strategies in the future, the sampling strategy and 
analysis of the data was designed to reflect this objective. 
4.2 Materials and methods 
4.2.1 Study area 
The geographical area of interest is the Wissahickon Creek watershed which is 
contained within Philadelphia and Montgomery counties in Pennsylvania, and is a major 
tributary of the Schuylkill River, which in turn drains into the Delaware River.  The mean 
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minimum and maximum monthly discharges into the Schuylkill River, obtained from 
USGS Surface-Water Monthly Statistics for the Nation (http://waterdata.usgs.gov), were 
74 cubic feet/second (October 1965-2006) and 152 cubic feet/second (March 1965-2007).  
Approximately 75% of the watershed is considered urban in terms of land use, and of that 
47% is categorized as single-family detached residential (Philadelphia Water Department, 
2007).  The protection of the water quality of the Wissahickon Creek is important, partly 
because only half a mile downstream of the confluence with the Schuylkill River is the 
Queen Lane water treatment plant, which withdraws an average of 80 million gallons of 
water per day from the river, serving 350,000 consumers in Philadelphia.  It has been 
estimated that an average of 24% of water discharged by the Wissahickon Creek is taken 
into Queen Lane for treatment (Philadelphia Water Department, 2007). 
4.2.2 Sample collection 
 Figure 26 shows the location of all sample sites in the Wissahickon Creek 
watershed.  Sites denoted as ‘WISS’ are creek water samples, sites with the ‘WWTP’ 
suffix are the wastewater treatment plant effluent samples discharging into the creek, and 
the remainder are fecal sample collection sites.  The data included in this map were 
accessed through the Pennsylvania Spatial Data Access online clearinghouse 
(www.pasda.psu.edu), which incorporate layers pertaining to land use, surface waters and 
the Philadelphia city limits. 
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Figure 26 Water, wastewater and fecal sampling in the Wissahickon Creek 
watershed 
 
 
 
Two locations were chosen for Wissahickon Creek surface water sampling.  
WISS140 is located three quarters of a mile from the confluence with the Schuylkill 
River, and WISS410 is located approximately five miles north of the confluence with the 
Schuylkill River above the city limits at Fairmount Park.  Three facilities were used for 
wastewater treatment plant effluent sampling, all located in Montgomery County.  Two 
additional water sampling sites were included: an unnamed tributary of the Wissahickon 
Creek flowing through the Schuylkill Center for Environmental Education (SCEE), and 
5 miles 
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on the Pennypack Creek watershed at Fox Chase Farm, adjacent to the Wissahickon 
Creek watershed.  These sites have been previously suspected of being impacted by 
bacterial contamination from wildlife or septic systems and livestock or wildlife, 
respectively. 
The water and WWTP sampling occurred from January 2007 to November 2007, 
with 100 mL grab samples collected at each sample location on a monthly basis.  
Additional grab samples were collected during three wet weather events of 2007, of 
which two were in April and one was in August.  Fifty-two surface water samples were 
collected from both sites combined during the sampling period, and forty-eight WWTP 
finished effluent samples in total were collected from the three facilities. 
The fecal sampling locations are varied in terms of the nature of the sites and the 
host species represented at each area.  Fort Washington State Park is an area under the 
stewardship of the Pennsylvania Department of Conservation and Natural Resources, and 
supports grazing deer.  The Morris Arboretum of the University of Pennsylvania has 
extensive areas of open space also frequented by deer.  Erdenheim Farm occupies 
approximately four hundred acres, and provided pig and cow fecal samples.  Courtesy 
Stables, located within Fairmount Park, is home to twelve horses.  The SCEE has a 
wildlife rehabilitation clinic, and staff provided fecal samples from woodchuck, skunk, 
opossum, squirrel, gull, deer and raccoon.  The Wissahickon Creek Veterinary Hospital 
and Roxborough Animal Hospital were the sources of dog and cat fecal samples.  The 
Valley Green Inn, located on the banks of the Wissahickon Creek, is a popular location 
for members of the public to feed geese and other waterfowl.  The Walter B. Saul High 
School of Agricultural Sciences has a working farm, and cow, donkey and horse fecal 
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samples were obtained from this site.  Kelly Drive along the Schuylkill River is an area 
frequented by waterfowl.  The Philadelphia Zoo provided fecal samples of exotic host 
species, putatively non-native to the watershed. 
 Animal fecal samples were collected from individual animals, and not as 
composite samples, to be sure of their origin.  Sampling occurred from January 2007 to 
October 2008, using sterile sample bags and spatulas to collect approximately 10 g of the 
material from 154 animals.  All samples were transported on ice to the laboratory at 
Drexel University and processed within six hours of collection. 
4.2.3 Microbiological analyses 
 An overview of the microbiological analyses applied to the surface water and 
WWTP finished effluent samples is shown in Figure 27.  Similarly, a summary of the 
analytical processes for the fecal samples is given in Figure 28. 
For the isolation of E. coli and enterococci from water and WWTP samples, 
standardized protocols were used, namely Standard Methods 9222 D. and 9222 G. for the 
isolation of E. coli (Standard Methods for the Examination of Water and Wastewater, 
2007) and USEPA Method 1600 for the isolation of enterococci (USEPA, 2005a).  
Samples were diluted as necessary to achieve bacterial counts generally in the range of 20 
to 30 colony forming units (CFU) per membrane filter.  As per the Standard Methods 
protocol, presumptive E. coli were successively isolated using mFC medium with rosolic 
acid (Millipore), NA-MUG (nutrient agar with 4-methylumbelliferyl-β-D-glucuronide) 
(BD Difco) and MacConkey agar (BD BBL).  The presumptive enterococci were isolated 
using mEI agar (BD BBL) as per USEPA Method 1600. 
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Figure 27 Culturing and biochemical confirmation methods applied to water and 
WWTP effluent samples 
 
 
 
Fecal samples were split for the isolation of E. coli and enterococci.  The culture 
method outlined in Wiggins (1996) for enterococci isolates was modified, with 
approximately 0.3 g of fecal material suspended in 500 mL phosphate buffered saline 
(Sigma Aldrich) for membrane filtration.  The filters were placed onto enterococcosel 
broth (BBL), and incubated at 37°C for 48 hours.  E. coli isolates from fecal samples 
were obtained by streaking the fecal material directly onto MacConkey agar (BD BBL) 
using a sterile swab, and incubating at 37°C for 24 hours (Guan et al, 2002).  Restreaking 
onto a second MacConkey agar plate was typically necessary for the E. coli isolates, due 
to prolific growth on the agar plates. 
Water samples WWTP samples 
Vacuum filtration 
mEI mFC 
MacConkey 
NA MUG 
API 20Strep API 20E 
Confirmed enterococci Confirmed E. coli 
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Figure 28 Culturing and biochemical confirmation methods applied to fecal samples 
 
 
 
4.2.4 Biochemical confirmation and storage of isolates 
The identity all environmental bacteria was determined using the Biomérieux API 
reference method (http://industry.biomerieux-usa.com/industry/watertesting/api/).  In 
addition, American Type Culture Collection (ATCC) cultures were included with every 
analysis to confirm the accuracy of the test strips.  The test strips consist of twenty tubes 
that contain dehydrated substrates to be inoculated using the isolates from the selective 
growth media.  The API 20E test strips for the confirmation of E. coli isolates were 
prepared as follows.  A single isolated colony from the MacConkey media was combined 
with an ampule of suspension media to create a homogenous mixture.  Using a pipette, 
tubes were filled according to the instructions.  Depending on the substrate, applying 
different amounts of bacterial suspension were required, with or without overlaying the 
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suspension with mineral oil.  The test strips were placed into the hydrated tray, covered, 
and incubated for 18 to 24 hour at 36ºC ± 2 ºC.  The combination of positive and negative 
tests equated to an identification of bacteria found in the suspension.  Confirmation of the 
taxon using this method was achieved within 24 hours. 
Identification of the enterococci isolates was undertaken using API 20Strep.  
Before preparing test strips, a single isolated colony with blue halo from mEI media 
(water and WWTP effluent isolates) or enterococcosel broth-soaked pad (fecal isolates) 
was suspended in 0.3 mL of sterile water and vortexed for complete mixing. The 
suspension was then flooded on to Columbia agar with 5% sheep blood (Remel), and 
anaerobically incubated for 18 to 24 hours at 36ºC ± 2ºC.  All of the culture from the 
Columbia agar plate was mixed with an ampule of the suspension media, giving a 
required turbidity of greater than 4 McFarland units.  In the first half of the strips, the 
suspension was distributed into the tubes, filling to the appropriate level. The second 
portion of the test strip involves the mixture of the remainder of the suspension into an 
ampule of GP Medium and then distributing the new suspension into the second half the 
tubes. The last step before incubation of the strip was the addition of mineral oil onto 
certain tubes as noted in the instructions. The strip was incubated for 4 to 4 1/2 hours at 
36ºC ± 2 ºC. After this period, the specified reagents were added, and the results of the 
reaction were determined using the manufacturer’s reading table as a guide. 
For storage prior to PCR amplification and ARA profiling, confirmed E. coli and 
enterococci were streaked from the suspension media onto nutrient agar slants (General 
Laboratory Products).  The slants were labeled with a three-digit identifying number, the 
date of isolation, and the source and/or location, and stored in a refrigerator at 4ºC.  A 
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summary of the progression of the analyses on the confirmed E. coli and enterococci 
isolates using the PCR and ARA methods is shown in Figure 29. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29 PCR and ARA methods applied to E. coli and enterococci isolates 
 
 
 
4.2.5 Template for PCR reactions 
 To prepare the isolates for DNA amplification, separate methods were necessary 
for the E. coli and enterococci isolates.  As described in Hassan et al. (2005), the E. coli 
isolates were suitable for the PCR protocol as a whole cell suspension.  Using a small 
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inoculating loop, approximately 1 µL of the E. coli cells was transferred from the nutrient 
agar slants to 1.5 mL microcentrifuge tubes containing 1 mL brain heart infusion broth 
(BBL), and incubated for 12 to 24 hours at 37°C.  The enriched cultures were centrifuged 
for 5 minutes at 6,000 rpm.  After discarding the supernatant, the procedure was repeated 
twice using nuclease-free water (Ambion) to wash the cells.  The cells were thoroughly 
homogenized by vortexing, and stored at -20°C. 
 Efforts to successfully amplify the enterococci isolates using a whole cell 
suspension method were not successful, necessitating the inclusion of a lysis procedure.  
By extracting the DNA from the bacterial cells, substances inhibiting the PCR reaction 
such as cell membranes were removed.  Enrichment and cell washing was as described 
above for the E. coli isolates, and lysis was performed using the Qiagen DNeasy Blood 
and Tissue Kit, with specialized pre-treatment steps for Gram-positive bacteria.  The 
lysed enterococci DNA was stored at -20°C in Buffer AE. Full details of the lysis 
standard operating procedure are included in Appendix D.  For both the E. coli whole cell 
suspensions and the lysed enterococci DNA, 1 µL of the suspension was used as the 
template for the PCR reactions.  
4.2.6 PCR primer and reaction conditions 
The PCR reaction mix contains the reagents required for DNA replication to 
occur.  Repeated attempts were made to duplicate the method outlined in Hassan et al. 
(2005), but a new protocol was necessary as it was not possible to obtain comparative 
results.  The conserved BOX-A1R primer is suitable for Gram-positive and Gram-
negative bacteria, and the sequence is: 5′- CTA CGG CAA GGC GAC GCT GAC G – 3′. 
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PCR reactions were performed in a 25 µL reaction mix using 2.5 units/reaction 
HotStart Taq Plus (Qiagen), 1x CoralLoad (Qiagen), 1x Q solution (Qiagen), 0.2 mM 
each of four dNTPs (Qiagen), 2 µM BOX-A1R (Operon), 1 µL template DNA or whole 
cell suspension, and nuclease-free water (Ambion).  100% of the environmental isolates 
were subjected to DNA amplification, with approximately 10% of the isolate library 
repeated as laboratory replicates.  PCR amplification was performed using a thermal 
cycler protocol of 6 hours 40 minutes, where the temperature changes were defined over 
thirty-five cycles to allow for the denaturing, annealing and extension of the sequence of 
bases selected by the BOX-A1R primer.  The PCR amplification conditions were as 
follows: initial denaturation at 95°C for 5 minutes, followed by thirty five cycles of 
denaturation at 94°C for 3 seconds, 92°C for 30 seconds, annealing at 50°C for 1 minute, 
and extension at 65°C for 8 minutes.  A final extension step of 65°C completed the 
procedure. Full details of the BOX-PCR standard operating procedure are included in 
Appendix D. 
The BOX-PCR product was separated and visualized using 1.5% (w/v) agarose 
gel in 0.5x Tris-Borate-EDTA buffer (Fisher), with 120 V of current for approximately 
3.5 hours.  The gel was stained with 3x GelRed (Biotium) for 20 minutes, and visualized 
over ultraviolet light at 302 nm. Full details of the gel electrophoresis standard operating 
procedure are included in Appendix D.   
4.2.7 ARA methods 
Four antibiotics were selected based on previous work by Wiggins (1996) and 
Wiggins et al (1999; 2003), in conjunction with information provided by the University 
of Pennsylvania’s School of Veterinary Medicine.  From the suite of antibiotics used in 
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the papers published by Wiggins’ group, those considered by the University of 
Pennsylvania to be widely-used in the Philadelphia area were chosen for the Wissahickon 
Creek isolates.  Four antibiotics were chosen for testing for both the E. coli and 
enterococci isolates, namely amoxicillin, ampicillin, erythromycin and tetracycline.  
Stock solutions were prepared according to instructions from the manufacturer (Sigma 
Aldrich), with full details of the ARA standard operating procedure included in Appendix 
D. 
The same lots of each antibiotic were used throughout the testing period, but 100 
mL batches of each antibiotic were prepared as needed.  The correct amount of each 
antibiotic was added to a sterile beaker with the appropriate solute, and the solution was 
syringe filtered through a 0.2 µm sterile nylon filter attached to a 60 mL syringe into a 
sterile plastic container.  The sterilized solutions were stored at the correct temperatures 
and wrapped in aluminum foil to prevent degradation from light. 
The ARA protocol outlined in Wiggins (1996) used a variety of antibiotics at a 
number of concentrations in a growth medium.  Of these, the highest and lowest doses 
listed in the protocols were used for the Wissahickon Creek watershed isolates.  
Additionally, two blank growth plates containing no antibiotic were prepared for each 
isolate to confirm successful growth of the bacteria on the medium. 
 The E. coli isolates were tested for antibiotic resistance using two growth media. 
Due to time constraints, 25% of the complete library of environmental isolates was tested 
in triplicate.  As per the protocol outlined in Harwood et al. (2000), EC medium (BD 
Difco) and Mueller Hinton agar (Remel) were prepared according to the manufacturer’s 
instructions.  As described in Wiggins (1996), the testing of enterococci isolates (25% of 
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the complete library) required enterococcosel broth (BBL) and tryptic soy agar (BBL), 
prepared according to the manufacturer’s instructions. 
 The ARA procedure for the two sets of isolates was the same, with the only 
difference being the types of growth media (broth and agar) used.  Microcentrifuge tubes 
containing 0.5 mL of the appropriate broth were inoculated with the isolates stored on 
slants using a small inoculating loop, and incubated for 24 hours at 37ºC.  100 µL of the 
inoculated broth was pipetted into its designated well in a 48-well microwell plate.  Using 
a 48-prong replicator, each antibiotic or blank plate was inoculated using the replicator, 
and incubated for 24 hours at 37ºC.   
4.3 Statistical analyses 
 The ARA method was applied to 66 environmental enterococci isolates and 43 E. 
coli isolates, including duplicates.  The results were recorded in a pseudo-binary format, 
and the spreadsheet was imported into MatLab R2008a (version 7.6.0) for further 
analyses.  A summary of the statistical analyses applied to the ARA and PCR data is 
shown in Figure 30. 
The BOX-PCR method was applied to 375 environmental enterococci isolates and 
315 E. coli isolates, including duplicates.  Nonlinear Dynamics TotalLab 120 DM 
software was used to determine band positions with respect to the DNA reference ladder.  
The minimum and maximum base pair (bp) values for enterococci and E. coli isolates 
respectively were 137 bp, 183 bp and 14,600 bp, 12,759 bp.  The mean number of bands 
per lane was 9.7 for the enterococci isolates and 18.2 for the E. coli isolates.  
Spreadsheets containing the calibrated base pair values were exported into MatLab 
R2008a (version 7.6.0) for further analyses. 
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Figure 30 Statistical analyses applied to the ARA and PCR data 
 
 
 
Jaccard similarity coefficients were calculated to determine the homogeneity of 
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determine the most appropriate method for each dataset.  Discriminant analysis and k-
nearest neighbor analysis was performed to determine the rates of correct classification 
(RCCs) of known isolate groups.  Sources of Wissahickon Creek isolates of unknown 
provenance were assigned using k-nearest neighbor classification, a nonparametric 
alternative to discriminant analysis.  The appropriate value for k was calculated using the 
rates of correct classification (RCCs) for known source groups.  Additionally, the RCCs 
determined by discriminant analysis and k-nearest neighbor were subject to cross-
validation analysis, using a pulled-sample jackknife method.  This was chosen over a 
pulled-sample jackknife method, as no more than four isolates had been selected per fecal 
sample, reducing the effect of a large number of clonal isolates on the RCC calculations.  
As per previous recommendations (USEPA, 2005b), a minimum RCC of 80% was 
applied to confidently classify an isolate to a known source group. 
4.4 Results 
4.4.1 Environmental abundance of enterococci and E. coli isolates 
 Tables 21, 22 and 23 give an overview of the number of E. coli and enterococci 
isolated from each source or species sampled in the Wissahickon Creek watershed, and a 
neighboring watershed in the instance of the Fox Chase Farm demonstration site.  In 
addition, ATCC isolates for E. coli (N = 35) and enterococci (N = 33) were included in 
all analyses for quality assurance/quality control purposes. 
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Table 21 Isolates from water samples 
Collection Site E. coli E. faecium E. avium E. durans E. faecalis Total 
Fox Chase Farm 20 7 3 2 7 39 
SCEE 13 2 1 2 2 20 
WISS140 23 22 1 5 2 53 
WISS410 36 28 2 1 7 74 
Total 92 59 7 10 18 186 
 
 
 
 
 
 
Table 22 Isolates from WWTP effluent samples 
Collection Site E. coli E. faecium E. avium E. durans E. faecalis Total 
Abington 6 23 0 2 2 33 
Ambler 13 31 0 4 1 49 
Upper Gwynedd 7 19 0 4 0 30 
Total 26 73 0 10 3 112 
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Table 23 Isolates from animal fecal samples 
Species E. coli E. faecium E. avium E. durans E. faecalis Total 
Addax 2 1 0 0 0 3 
Cow 23 14 1 3 1 42 
Cat 2 0 0 0 5 7 
Deer 7 2 0 0 0 9 
Dog 6 5 0 0 7 18 
Donkey 6 6 0 0 0 12 
Emu 1 1 0 0 0 2 
Giraffe 2 0 0 0 2 4 
Goat 2 2 0 0 0 4 
Goose 38 30 0 0 12 80 
Gull 4 2 0 0 5 11 
Horse 4 2 0 0 0 6 
Humbolt Penguin 0 0 0 0 2 2 
Mhorr Gazelle 2 0 0 0 1 3 
Opossum 7 4 0 0 6 17 
Ostrich 2 0 0 0 0 2 
Pig 2 3 0 0 0 5 
Raccoon 4 4 0 0 1 9 
Sheep 11 4 0 0 0 15 
Skunk 4 3 0 0 2 9 
Southern Ground 
Hornbill 2 0 0 0 1 3 
Squirrel 2 0 0 0 0 2 
Waldrapp Ibis 2 0 1 0 0 3 
White Rhino 1 0 0 0 0 1 
Woodchuck 6 6 0 0 0 12 
Zebra 2 0 0 0 0 2 
Total 144 90 2 3 45 284 
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4.4.2 Biochemical confirmation data 
 The use of the API biochemical confirmation system for 100% of isolates 
evaluated the possibility that presumptive isolates were not what they appeared to be.  Of 
159 presumptive E. coli isolates derived from water and WWTP effluent samples, 137 
were identified as E. coli, yielding an accuracy rate of 89.1%.  The same accuracy rate 
was achieved for enterococci from water and WWTP effluent, where 226 presumptive 
isolates were tested, and 199 were confirmed as the correct taxon.  The accuracy rate for 
the identification of E. coli isolates from fecal samples was calculated as 85.4%, where 
151 isolates were verified as E. coli from a total of 181.  Accuracy rates for fecal 
enterococci isolates were the lowest in terms of the biochemical confirmation tests.  Of 
205 isolates tested, 147 were confirmed as the correct taxon, representing an accuracy 
rate of 68.0% overall. 
4.4.3 Jaccard coefficients of similarity 
 The results of the ATCC strains for each dataset were used to determine the 
correct threshold of the Jaccard indices that could be considered a homogeneous dataset.  
The E. coli ARA dataset contained one ATCC strain, and this was subjected to the ARA 
procedure eight times.  The minimum Jaccard index for these isolates was 0.88 and thus 
this was the threshold for determining the homogeneity of subsequent sub-groups of 
isolates.  The same procedure was implemented for the enterococci ATCC strains (of 
which there were two), giving a minimum Jaccard index of 0.75.  Given these criteria, the 
known source groups were evaluated to determine how homogenous each group, and 
groups in combination, could be considered.  The results are shown in Table 24, with the 
MatLab codes for the statistical analyses included in Appendix C. 
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Table 24 Jaccard similarity indices for ARA responses of known source isolates 
based on thresholds of 0.88 for E. coli and 0.75 for enterococci 
 % above threshold 
E. coli 
WWTP effluent 72.2 
Livestock 80.6 
Wildlife 63.4 
WWTP effluent & Domestic 59.4 
WWTP & Domestic & Livestock 76.5 
WWTP & Domestic & Livestock & Wildlife 74.2 
All non-WWTP  68.1 
Average of all known sources 70.6 
Enterococci 
WWTP effluent 79.7 
Livestock 70.3 
Wildlife 69.3 
WWTP effluent & Domestic 72.2 
WWTP & Domestic & Livestock 67.8 
WWTP & Domestic & Livestock & Wildlife 70.1 
All non-WWTP  65.7 
Average of all known sources 70.7 
 
 
 
 Within the E. coli isolates, the most homogeneous group was the livestock, with 
80.6% of its members above the minimum similarity value.  The least homogenous 
known source E. coli group was the combined WWTP effluent and domestic animal 
group.  These groups were combined because the number of domestic animal isolates in 
the analysis was very low, with only two dog isolates tested.  Among the enterococci 
group, the WWTP effluent isolates were the most homogeneous, with 79.7% of its 
members above the minimum similarity value, and the group labeled ‘WWTP & 
Domestic & Livestock’ was the least homogeneous at 67.8%.  When comparing the 
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average percentages above the minimum Jaccard similarity indices, the two sets of 
isolates were nearly identical, with approximately 71% above the threshold across all 
known source groups. 
The same indices were determined for the BOX-PCR data for each set of isolates, 
as shown in Table 25.  The thresholds for the PCR data were 0.80 for E. coli isolates, and 
0.62 for enterococci isolates. 
 
 
 
Table 25 Jaccard similarity indices for PCR responses of known source isolates 
based on thresholds of 0.80 for E. coli and 0.62 for enterococci 
 % above threshold 
E. coli  
WWTP effluent 72.4 
Livestock 58.1 
Wildlife 58.7 
Domestic 50.6 
Zoo 77.5 
Average of all known sources 63.5 
Enterococci  
WWTP effluent 40.3 
Livestock 43.6 
Wildlife 56.0 
Domestic 60.4 
Zoo 96.0 
Average of all known sources 59.3 
 
 
 
When compared to the ARA data, the Jaccard similarity indices are considerably 
lower for the BOX-PCR data for known source groups.  This suggests more 
heterogeneity within the BOX-PCR fingerprints of the environmental isolates.  The 
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groups were not combined as described in the ARA data, in part because of the larger 
numbers of data points generating unwieldy similarity matrices.  In addition, groups were 
combined for the ARA data because in some instances (e.g. domestic animal) the number 
of isolates tested was very low, preventing similarity matrices from being generated. 
4.4.4 Cluster analyses 
 The cluster analysis and dendrogram construction for the ARA data were 
implemented in MatLab to compare the clustering of known source groups using a 
combination of linkage methods and distance metrics. The MatLab codes for the 
statistical analyses are included in Appendix C.  The choice of linkage or distance metric 
did not affect the groupings of the known sources, merely changed their position within 
the ‘branches’ of the dendrogram.  The aim of this analysis was to determine if clearly 
identifiable clusters could be generated from the data, based on the results of the ARA or 
BOX-PCR analysis of the isolates.  Thresholds above which groups were evaluated were 
calculated based on the groupings of identical laboratory replicates.  The ARA data did 
not generate clearly delineated groups for any known host group or species.  The E. coli 
data clustered into nine groups, four containing only one isolate, and the remainder with a 
diverse membership across all known host groups.  Similarly the enterococci data 
clustered into twelve groups, six of which contained only one isolate.  Other groups were 
generally of diverse origin, although there was one group consisting of only five WWTP 
effluent isolates.  However, this was less than half of all WWTP effluent isolates in the 
analysis, with the remainder spread between five other groups. 
 The proprietary gel analysis software was used to cluster the PCR data and 
generate the hierarchical dendrograms, using the same algorithms available in MatLab.  
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As observed for the ARA data, the choice of linkage or distance metric did not affect the 
groupings of the known sources within the ‘branches’ of the dendrogram.  An example of 
the clustering and dendrogram construction using Jaccard matching of base pair values 
and complete linkage is shown in Figure 31.  The lanes from the agarose gel are included 
in the figure with the sample names listed for reference.  The scale at the bottom of the 
image indicates the distance between clusters (i.e. a measure of similarity), and the 
threshold above which groups were evaluated is included (E. coli = 0.80, enterococci = 
0.62) and calculated based on the results of identical laboratory replicates. 
 The cluster analysis and dendrograms constructed for all known E. coli (N = 185 
lanes) and enterococci (N = 280 lanes) BOX-PCR fingerprints generated the results 
shown in Tables 26 and 27.  The E. coli fingerprints were clustered into five groups, and 
the enterococci fingerprints were clustered into six groups, with varying numbers of 
members within each group.  The similarity node pertinent to each cluster is included in 
the tables, indicating the similarity within the groups (on a scale of zero to one).  Also 
listed is the number of members per group, and the numbers of each known source group 
contributing to a group ‘branch’ are given as percentages, classed as domestic animal, 
livestock, wildlife, WWTP effluent and zoo isolates. 
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Figure 31 BOX-PCR fingerprints of E. coli isolated from wildlife (excluding goose) 
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Table 26 Cluster analysis and dendrogram construction for E. coli BOX-PCR data 
based on a threshold of 0.80 
 Group 1 Group 2 Group 3 Group 4 Group 5 
Similarity node 0.91 0.80 0.84 0.87 0.89 
N members 2 26 61 73 23 
% Domestic animal 0.0 11.5 0.0 2.7 17.4 
% Livestock 50.0 26.9 19.7 31.5 30.4 
% Wildlife 50.0 42.3 39.3 42.5 52.2 
% WWTP effluent 0.0 11.6 24.6 15.1 0.0 
% Zoo 0.0 7.7 16.4 8.2 0.0 
 
 
 
 
 
 
Table 27 Cluster analysis and dendrogram construction for enterococci BOX-PCR 
data based on a threshold of 0.62 
 Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 
Similarity node 0.67 0.80 0.76 0.67 0.77 0.67 
N members 45 32 6 63 60 74 
% Domestic animal 2.2 3.1 16.6 9.5 18.3 17.4 
% Livestock 24.4 37.5 0.0 3.2 5.0 30.4 
% Wildlife 11.1 15.6 50.0 61.9 51.7 52.2 
% WWTP effluent 62.3 43.8 0.0 15.9 23.3 0.0 
% Zoo 0.0 0.0 33.4 9.5 1.7 0.0 
 
 
 
 The cluster analysis data for the E. coli BOX-PCR analyses show that the number 
of members in each group varied from 2 members (Group 1) to 73 members (Group 4).  
Similarly, group numbers for the enterococci BOX-PCR data shown in Table 27 varied 
from 6 members (Group 3) to 74 members (Group 6).  Wildlife E. coli and enterococci 
BOX-PCR fingerprints were distributed between all clusters, whereas some source 
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groups such as zoo E. coli and enterococci BOX-PCR fingerprints were clustered in 
fewer groups. 
4.4.5 Classification methods 
 Two classification methods were executed in MatLab to classify the data.  Linear 
discriminant analysis (prior probabilities, equal) and k-nearest neighbor analysis (with 
values of k ranging from 0 to 6) were used to determine rates of correct classification 
(RCCs) for the known source groups, and for k-nearest neighbor analysis, the most 
appropriate value for k. The MatLab codes for the classification methods are included in 
Appendix C. 
 Determining rates of correct classification for the ARA datasets showed that 
although the k-nearest neighbor (knn) method gave better RCCs, the percentages for each 
known source group were variable.  Using knn, the ARA E. coli data showed excellent 
classification for livestock (RCC = 100%; k = 3), but for all other groups the RCC ≤ 
25.0%.  Discriminant analysis of the ARA E. coli performed poorly, with a maximum 
RCC of 50% for domestic animals, and RCC ≤ 25.0% for other source groups.  The 
analysis of ARA enterococci data yielded the best classifications for domestic animals 
(RCC = 100%; k = 2), and livestock (RCC = 81.8%; k = 3), but for all other groups the 
RCC ≤ 66.7%.  Again the discriminant analysis generated lower RCCs than the knn 
approach, with no group attaining an RCC > 33.3%. 
 By jackknifing the ARA data, the RCCs remained the same for some source 
groups, and for others there was a decrease.  Analyzing the E. coli ARA dataset, the 
jackknife analysis had little effect on the RCC values.  All values remained unchanged 
except for the livestock RCC, which decreased to 99.1%.  The jackknifed knn-derived 
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RCCs for the enterococci ARA data gave a maximum RCC of 81.8% for the livestock 
group (unchanged), 66.6% for domestic animals, 42.0% for wildlife, 20.0% for waterfowl 
(all decreased) and 11.1% for WWTP effluent (unchanged).  The DA-derived RCCs for 
the enterococci data were unchanged. 
 The RCCs for the BOX-PCR data are shown in detail in Tables 28 and 29.  The 
analysis of the E. coli data generated better RCCs for the knn approach than using 
discriminant analysis, although they were not remarkable.  However the application of 
the two classification methods of the known source data for the enterococci isolates from 
the BOX-PCR method generated respectable RCCs overall.  The knn approach again 
appeared to be better suited to the data, but the RCCs generated by discriminant analysis 
were also markedly improved, compared to the other dataset, for the correct assignment 
of isolates to their known source groups.  Unfortunately, conducting the jackknife cross-
validation analysis on the enterococci BOX-PCR data had a deleterious effect on the 
RCCs particularly for the WWTP effluent enterococci isolates as shown in Table 30. 
 
 
 
Table 28 RCC values for E. coli BOX-PCR data 
  k-nearest neighbor Discriminant Analysis 
Source 
group 
Number of 
isolates 
Min k for best 
classification 
% RCC % RCC 
Domestic 7 * 0.0 0.0 
Livestock 52 5 48.1 38.5 
WWTP 29 4 6.9 0.0 
Waterfowl 45 1 93.3 44.4 
Wildlife 34 1 73.5 58.8 
Zoo 18 1 11.1 5.6 
*Note: It was not possible to determine a k value for domestic animals. 
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Table 29 RCC values for enterococci BOX-PCR data 
  k-nearest neighbor Discriminant Analysis 
Source 
group 
Number of 
isolates 
Min k for best 
classification 
% RCC % RCC 
Domestic 21 1 95.2 85.7 
Livestock 38 1 84.2 52.6 
WWTP 92 1 98.9 66.3 
Waterfowl 51 1 92.2 52.9 
Wildlife 29 1 100.0 69.0 
Zoo 10 1 100.0 80.0 
 
 
 
 
 
 
 
 
 
Table 30 Effect of cross-validation on RCC values for enterococci BOX-PCR data 
  k-nearest neighbor Discriminant Analysis 
Source 
group 
Number 
of isolates 
% RCC Jackknifed 
% RCC 
% RCC Jackknifed 
% RCC 
Domestic 21 95.2 95.2 85.7 85.7 
Livestock 38 84.2 84.2 52.6 50.0 
WWTP 92 98.9 69.3 66.3 64.1 
Waterfowl 51 92.2 92.2 52.9 52.9 
Wildlife 29 100.0 96.5 69.0 65.5 
Zoo 10 100.0 93.0 80.0 70.0 
 
 
 
The effect of the jackknife analysis on the enterococci BOX-PCR RCCs is 
somewhat mixed.  For all discriminant analysis RCC, the effect was limited.  The 
maximum reduction was 10% for the isolates derived from zoo samples, although in 
some groups there was no decrease in the RCC value.  Similarly, for three of the known 
  
158 
groups classified using knn, the cross-validation analysis did not reduce the RCC.  
However it was slightly reduced for the wildlife and zoo known groups, and substantially 
reduced for the WWTP effluent enterococci.  By decreasing the RCC from 98.9% to 
69.3%, confidence of the classification of unknown isolates to the WWTP group is 
reduced. 
 Given the low RCCs for the ARA data from E. coli and enterococci isolates, 
combined with the low RCCs for the BOX-PCR data from E. coli isolates, the sources of 
Wissahickon Creek water isolates were determined only using the BOX-PCR data for the 
enterococci isolates, using the knn classification method (k = 1).  As previously 
mentioned, two demonstration sites were included in the surface water sampling strategy, 
namely the Schuylkill Center for Environmental Education (SCEE) in the Wissahickon 
Creek watershed, and Fox Chase Farm in the Pennypack Creek watershed.  Seven 
enterococci isolates were cultured from the stream at the SCEE, and 20 isolates were 
cultured from samples taken from the stream at Fox Chase Farm.  As shown in Figure 32, 
the dominant source of isolates at both demonstration sites is WWTP effluent. 
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Figure 32 Source assignment of enterococci isolates at the demonstration sites 
 
 
 
 At site WISS410, 40 enterococci isolates were cultured from the surface waters, 
and at site WISS140, 32 enterococci isolates were cultured.  Using the same knn 
classification method for the Wissahickon Creek isolates (k = 1), the results for the source 
identification are shown in Figure 33. 
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Figure 33 Source assignment of enterococci isolates at the Wissahickon Creek sites 
 
 
 
4.5 Discussion 
 The limited number of antibiotic resistance analyses seemed to inhibit the value of 
the tool for tracking the sources of fecal contamination in the Wissahickon Creek 
watershed.  As the complete library of isolates was not tested using the ARA approach, 
the rates of correct classification were too low to be able to effectively assign source 
group classification to surface water isolates.  In addition, the limited number of 
antibiotics tested (N = 4) at two concentrations (‘low’, ‘high’) resulted in a high 
proportion of isolates with the same responses for both E. coli and enterococci.  Of the E. 
coli isolates, 41.5% showed resistance to both low dose AMX and low dose ERY.  This 
was the minimum response of these isolates to the suite of antibiotics tested, and included 
isolates collected from all known source groups.  Similarly, of the enterococci isolates, 
36.7% were not resistant to any of antibiotics at the tested concentrations, representing 
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isolates collected from all known source groups.  This perhaps is an important result in 
terms of pharmaceuticals in the environment, but is a severe handicap when attempting to 
use ARA for source tracking purposes.  k-nearest neighbor analysis to determine the 
classification of water isolates to known host sources was only possible for ‘livestock vs. 
all other known’ source groups.  Using this method the majority of unknown isolates 
were classified as ‘livestock’, which is markedly different from the source assignation 
using the enterococci BOX-PCR data. 
 For the BOX-PCR analytical method, the results for the E. coli isolates were 
disappointing when compared to RCCs calculated in previously published research.  This 
suggests a high degree of heterogeneity in terms of the genetic variation of environmental 
E. coli isolates, particularly for the domestic animal and WWTP effluent samples.  
However, the enterococci isolates performed well in terms of the RCCs calculated using 
the k-nearest neighbor classification method, until the cross-validation analysis was 
included.  Using knn to classify isolates for source tracking purposes is not a commonly 
used statistical method, as typically cluster analysis and/or discriminant analysis are 
applied in library-dependent MST efforts.  However, statistical evaluations of the 
analysis of source tracking methods have included knn in their discussion (Albert et al., 
2003; Robinson et al., 2007).  When tested against discriminant analysis and proprietary 
agarose gel analysis software for BOX-PCR fingerprints, k-nearest neighbor gave the 
highest estimates of correct classification (Albert et al., 2003), and was useful in the 
analysis of disproportionately represented known host groups in BOX-PCR source 
tracking libraries (Robinson et al., 2007).   However, in order to generate RCC values or 
determine source allocation, a given isolate could not be considered ‘unclassifiable’.  
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Regardless of the distance to the most closely matched known isolate, the given isolate 
would be forcibly matched to a source group.  It was not possible to define a threshold or 
minimum distance for applying the classification algorithms. 
 The classification results for the demonstration sites included in the analysis show 
that despite prior expectations, the suspected contributors of microbial contamination into 
the surface waters were not found to be the dominant sources.  At the Schuylkill Center 
for Environmental Education, it was suspected that wildlife and/or waterfowl would be 
the main contributors to the bacterial load of the stream versus septic systems, as it is a 
comparatively remote, wooded area.  Fox Chase Farm is a working farm, and livestock 
were suspected to be the main contributors versus wildlife.  However, in both instances 
isolates matched to WWTP effluent sources were the predominant classification.  For a 
more rigorous examination of the sources of fecal indicator bacteria at these locations, 
more surface water samples would need to be collected.  The limited numbers of 
enterococci isolates represent two sampling events, which was appreciably less than at 
any other site or source for the research effort. 
 The classification of enterococci isolated from the Wissahickon Creek sampling 
sites was also dominated by those assigned to the WWTP effluent group.  Even when 
examining the images of the agarose gels used to visualize the BOX-PCR fingerprints 
generated, similarities were clear between many of the WWTP-derived isolates and 
surface water isolates.  Three bands frequently appeared at approximately 1,600 bp, 1,000 
bp and 600 bp for these enterococci, accounting in part for the high proportion of 
Wissahickon Creek water isolates classified as being most similar to those isolated from 
the WWTP facilities.  However, for all water-derived isolates, the importance of the 
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cross-validation test must not be over-looked.  As the WWTP effluent known source 
group suffered the greatest reduction in RCC from the jackknife test, the confidence in 
source assignment to this group may not be as clear as the data would suggest. 
 When comparing the ARA and BOX-PCR datasets, there is a discrepancy in the 
number of data points, both per tested isolate and collectively for the analyses overall.  
Eight data points were generated for each isolate tested using the ARA protocol, as four 
antibiotics at each of two concentrations were evaluated.  However, the average number 
of data points for the BOX-PCR fingerprints was 10 bands for the enterococci and 18 
bands for the E. coli.  This difference coupled with the fact that four times as many 
isolates tested using the BOX-PCR method meant that it would be unlikely for the ARA 
method to show a comparative performance for the RCC values and source assignment of 
isolates. 
4.6 Summary and conclusions 
The application of the BOX-A1R primer for the genetic fingerprinting of bacteria 
has a diverse history in terms of the target organism and objectives of the analysis. In 
addition to its use for MST purposes, it has been employed in the identification of plant 
pathogens (e.g. Smith et al., 2004), the detection of microbial contamination in food 
production (e.g. De Clerck and De Vos, 2004), and clinical studies of Streptococcus 
pneumoniae (e.g. Payne et al., 2005).  Within the realms of source tracking, the BOX-
A1R primer has been used with E. coli isolates (e.g. Somarelli et al., 2007; Dombek et 
al., 2000) and enterococci isolates (e.g. Hassan et al., 2005).  An examination of the 
current MST literature suggests that the application of BOX-A1R fingerprinting to 
environmental enterococci isolates has been less frequently attempted, as compared to E. 
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coli isolates.  The results from the Wissahickon Creek watershed suggest that combining 
enterococci BOX-PCR fingerprints with an appropriate classification method can provide 
a powerful tool for identifying the sources of fecal contamination in a watershed, with a 
moderately sized known host library of isolates.  The results from cross-validation may 
be improved by increasing the number of isolates in the known source group, perhaps 
better representing individuals within each classification. 
Although the ARA method was not appropriate for classifying the sources of fecal 
indicator bacteria in the Wissahickon Creek beyond a ‘livestock vs. all other known’ 
classification level, further analyses are recommended to improve its role as a 
complement to the BOX-PCR method for the MST toolbox approach.  Additional 
antibiotics at varying concentrations may improve the resistance profiles of the 
environmental isolates, allowing for better discrimination between source groups.  The 
BOX-PCR fingerprinting of E. coli isolates shows promise, but increased sampling is 
needed to reduce the heterogeneity within source groups to improve the rates of correct 
classification.  It may be correct or incorrect to assume that the isolates derived from 
WWTP effluent samples are of human origin.  To address this assumption, it is 
recommended that further analyses be undertaken to determine the source of isolates in 
the effluent, in order to give a better resolution to the host classification method. 
 
 
 
 
 
  
165 
CHAPTER 5: EXAMINING THE CHOICE OF TARGET ORGANISMS FOR A 
LIBRARY-DEPENDENT SOURCE TRACKING EFFORT 
 
 
 
 
Abstract 
 Assessing the quality of environmental waters can be achieved using a variety of 
parameters.  Microbiological analysis has been a valuable tool for gauging the health of 
aquatic ecosystems for many years, targeting a variety of bacteria, viruses and protozoa.  
The choice of target organism will be reviewed from two perspectives, namely routine 
monitoring of water quality and relevance to microbial source tracking objectives.  An 
overview of commonly used target organisms is offered, with reference to protocols for 
their isolation and the effort (time, labor and cost) required for their analyses.  Criteria for 
the selection of a target organism for source tracking purposes are discussed, focusing on 
strengths and limitations for source identification.  A case study is presented, detailing 
the efforts undertaken in the Wissahickon Creek watershed in southeastern Pennsylvania 
wherein Escherichia coli and Enterococcus spp. were selected for analysis using 
complementary antibiotic resistance analysis and a polymerase chain reaction-based 
method.  Through the careful selection of statistical tests and classification methods, it 
was shown that the genetic fingerprints from enterococci were the superior method for 
classifying isolates from water samples.  The data analysis of the isolates included 
bacterial profiles from a neighboring watershed, and it was possible to successfully 
incorporate these data into the known source library for classification purposes. 
 
Keywords: Indicator organisms; Microbial source tracking; E. coli; Enterococcus spp. 
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5.1 Introduction 
 The use of microorganisms to indicate the health of an aquatic ecosystem has a 
long and varied history.  Their use in water quality management is linked to human health 
impacts, risk assessment, environmental protection and economic issues.  In relation to 
microbial source tracking (MST), microorganisms are of importance as they are used as 
both a tool and a reason for identifying sources of bacterial contamination in a 
waterbody.  However, knowledge of the numbers of coliforms, Escherichia coli (E. coli) 
or enterococci, for example, do not give an indication of the sources of contamination for 
the area of interest.  This is the role of MST, a technique that can provide information on 
the sources of microbial contamination in a water body, aiding decision-making 
processes such as improvement and mitigation strategies, risk assessments, and so forth. 
Reviews of source tracking efforts have typically taken a methods-based approach 
(e.g. Seurinck et al., 2005), focusing on the analytical tools that have been previously 
used, and providing recommendations for further research on techniques that have shown 
promise.  The scope of this discussion focuses primarily on the choice of target organism 
as opposed to the analytical method.  The advantages and disadvantages of 
microorganisms commonly used for MST purposes will be evaluated, based on suggested 
criteria for their selection for phenotypic and genotypic analytical methods. The 
occurrence of microorganisms in the environment will be discussed, with attention given 
to potential reservoirs of indicator organisms, their uses in surface water monitoring and 
their selection for MST programs.  Issues affecting the use of Gram-positive and Gram-
negative bacteria will be evaluated, and their importance in a library-dependent MST 
study in southeastern Pennsylvania will be described.  The results of this research will be 
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presented from the perspective of the abundance of the selected target organisms in 
relation to sampled sources, seasonal effects and their usefulness in identifying sources of 
fecal contamination in a mixed-use watershed.  Conclusions and recommendations will 
be offered to aid the selection of appropriate target organisms and analyses for source 
tracking purposes. 
5.1.1 Bacteria, viruses and protozoa 
 Within the fields of microbiology and microbial source tracking, bacteria are the 
most frequently targeted organisms for analysis.  Certain viruses are also of interest to 
MST researchers, and some efforts have also targeted select protozoa.  Not all MST 
efforts have targeted microorganisms, as fecal source identification has relied on 
chemical indicators such as caffeine and optical brighteners to determine the contribution 
of human-related pollution.  However, the focus of this review is analysis of 
microorganisms, specifically using library-dependent analytical tools. 
 Bacteria are a diverse group of unicellular organisms, found in wide range of 
habitats.  One scientific classification of bacteria can be divided into Gram-negative 
(those that possess an outer membrane e.g. E. coli), Gram-positive (those that do not 
possess an outer membrane e.g. Enterococcus spp.) and a few that are unclassified or 
ungrouped (e.g. cyanobacteria).  An additional method of classifying bacteria is by their 
shape, such as coccus (spherical), bacillus (rod shaped) and spirilla (tightly coiled).  
Always small, their sizes are typically in the range of less than 0.2 µm to 750 µm 
(Colwell and Leadbetter, 2007).  Bacteria used as indicators of fecal pollution in water 
are typically selected based on the criteria proposed by Bonde (1966), including their 
presence when fecal material and pathogens are present, their occurrence in high 
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concentrations in polluted waters, and their ease of cultivation and identification.  
Methods to culture indicator organisms were developed to preferentially isolate non-
pathogenic bacteria because the pathogenic strains are typically present in the 
environment at much lower levels, and to facilitate laboratory safety. 
E. coli has been extensively monitored for water quality purposes, both 
individually and as a part of the coliform group.  A scanning electron microscope (SEM) 
micrograph of E. coli is shown in Figure 34, where the rod-shaped cells are typically 2 
µm in length by 0.5 µm in diameter. 
 
 
 
 
Figure 34 E. coli photographed using a scanning electron microscope 
(Source: www.microbelibrary.org) 
 
 
 
 
 Enterococci are a part of the fecal streptococci genus of bacteria, and are 
frequently used in the monitoring of marine environments due to their resilience to 
hostile environmental conditions.  There are many strains of enterococci present in the 
environment, dominated in fecal material by Enterococcus faecium (E. faecium), E. 
faecalis, E. durans and E. hirae.  Some strains such as E. avium have been proposed as 
host-specific fecal indicators, although this has yet to be fully substantiated (Santo 
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Domingo and Sadowsky, 2007).  A SEM micrograph of E. faecalis cocci tagged with 
colloidal gold particles is shown in Figure 35, at a scale of 750 nm. 
 
 
 
 
Figure 35 E. faecalis photographed using a scanning electron microscope 
(Source: www.microbelibrary.org) 
 
 
 
 
Other microorganisms of interest for water quality monitoring purposes include the 
protozoan parasite Cryptosporidium spp. and viruses such as bacteriophage. 
Cryptosporidium spp. surveillance of surface waters is important because of the health 
implications of the oocysts, which are the thick-walled spores of the parasite that are 
highly resistant to drinking water disinfection (Schaefer, 2007).  The species of most 
concern for human health issues are Cryptosporidium parvum (C. parvum) and C. 
hominis.  Other species that have shown to have varying degrees of host specificity 
include C. canis (dogs) and C. muris (rodents).  Analysis of Cryptosporidium spp. can be 
difficult because it typically requires very large volumes of water to be filtered, and the 
use of an immunofluorescent detection procedure as shown in Figure 36, or genotypic 
laboratory methods. 
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Figure 36 Immunofluorescence image of C. parvum oocysts 
(Source: H. D. A. Lindquist, USEPA) 
 
 
 
Viruses are not typically considered indicator organisms for water quality, as they 
have more selective culturing requirements than indicator bacteria.  Species of relevant 
viruses include coliphages, coliform-specific viruses infecting bacteria such as E. coli, 
F+-specific RNA bacteriophages, and those viruses associated with Bacteroides fragilis 
(B. fragilis).  These viruses are of interest as indicators for water quality monitoring, as 
they can provide useful data about pathogenic viruses, typically die off rapidly in 
environmental waters, and in some instances multiply in sewage (Toranzos et al., 2007).  
However, the isolation of bacteriophage can be problematic as they can be present in the 
environment in low numbers, and the analytical procedures can be time and labor 
intensive, in part due to their small size.  A bacteriophage is illustrated in Figure 37, 
where the scale bar represents 50 nm. 
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Figure 37 Bacteriophage photographed using a scanning electron microscope 
(Source: www.ncbi.nlm.nih.gov) 
 
 
 
5.1.2 Criteria for selection of target organisms for source tracking 
 In addition to the microorganisms discussed as indicators of fecal contamination, 
other organisms have been targeted for source tracking efforts.  The criteria for their 
selection depends on a number of factors, often associated with the desired outcome of 
the research.  Some factors are practical considerations such as the effort involved in the 
analysis, and other factors relate to abundance of the target organism in different 
environments such as the intestines of mammals or in surface waters.  Reference will be 
made to analytical methods that have been used for different bacteria, viruses and 
protozoa, particularly those that are library-dependent (i.e. require a database of results to 
be compiled prior to the analysis of complementary organisms isolated from surface 
water samples).  These factors will be discussed in relation to the most commonly studied 
microorganisms used for source tracking, as shown in Table 31 and adapted from Santo 
Domingo and Sadowsky (2007). 
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Table 31 Summary of the comparative advantages and disadvantages for MST 
target organisms 
 Advantages Disadvantages 
E. coli Frequently monitored 
Extensively researched 
Persistence with growth in 
water and soil 
Enterococcus spp. Frequently monitored 
Possible host specific species 
Persistence with growth in 
water and soil 
Bifidobacterium spp. Dominant in intestinal tract Low occurrence in some host 
species 
Clostridium perfringens Dominant in intestinal tract Low occurrence in some host 
species. Spore forming 
Bacteriodes spp. Dominant in intestinal tract 
Poor survival in environment 
Breadth of host specificity 
unclear 
F+ RNA coliphages Extensively researched Difficult to culture 
Cryptosporidium spp. Possible host specific species 
Clear risk association 
Genotypic assignment 
depends on databases 
 
 
 
The survival of the microorganism in the environment is important, as both 
susceptibility to adverse conditions and longevity in favorable conditions can be 
problematic for MST needs.  E. coli and enterococci have been shown to persist in soils 
and aquatic environments, which is detrimental to the aims of a source tracking study 
(Harwood, 2007).  If the target organism persists and proliferates outside of the host 
species its value is reduced, as it is not necessarily an indicator of fecal pollution directly 
from a host source.  For E. coli and enterococci, the issues of growth outside of the host 
species was associated with sub-tropical environments, but this has now been found to 
also occur in temperate regions. 
Knowledge of the abundance of the selected microorganism in human and animal 
intestines is another requirement of a comprehensive MST study, as the ideal organism 
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should be ubiquitous in all potential host species in the study area.  Clostridium 
perfringens is an example of a Gram-positive bacterium used as an MST target that has 
shown selective growth in the intestines of piglets when the nutritional intake of the host 
animals was altered (DePlancke et al., 2002).  The variety of enterococci strains in 
animal hosts was examined by Devriese et al. (1987), and the research showed high 
levels of variability between eight host species including poultry, cattle and dogs.  E. 
faecalis was the dominant strain for all animal hosts except for poultry, where E. faecium 
dominated.  Poultry yielded seven of the nine tested enterococci strains, whereas sheep, 
goats and rabbits showed low levels of enterococci in both absolute numbers and 
diversity. 
The diversity of the target organism in human and animal intestines is also of 
issue to MST research.  Based on the nature of the organism in the host species, it can be 
defined as transient or cosmopolitan if there is a high level of diversity between 
individuals and/or over time with a group of hosts.  Conversely, a resident population of 
the target organism shows stability over time or between individuals.  This variability can 
be due to a variety of factors including a natural turnover rate, changes in environmental 
conditions such as diet or fluctuations in the ability of the host to support certain 
microorganisms (Harwood, 2007).  A mini-review published by Gordon (2001) examined 
the changes in geographical structure, temporal variability and host specificity of E. coli 
in primary habitats such as the gastrointestinal tract, and secondary habitats such as water 
and sewage treatment systems.  Geographical variability and host specificity were shown 
to be of relatively minor influence on the genetic variation of E. coli.  However, 
examining variations in primary vs. secondary habitats and temporal changes within 
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populations showed increased variability in E. coli diversity in various host species and 
locations. 
Source-specific bacteria, viruses and protozoa are of interest to MST researchers 
as they can be considered library-independent approaches.  In reality, many library-
dependent methods do rely on a collection of validation data prior to their application as a 
classification tool for organisms of unknown origin. Cryptosporidium spp. is an example 
of a target organism that shows some host-specificity.  Ruecker et al. (2007) sampled 
fourteen sites in a 1,500 square mile watershed in Ontario, collecting 20 L of surface 
water at each site on a weekly basis for a two-month period.  Using genetic sequences 
obtained from an on-line repository, the likely origin of Cryptosporidium spp. oocysts 
was identified.  C. andersoni, a genotype associated with cattle, was most frequently 
detected in the watershed, although genotypes associated with muskrat, fox and humans 
were also identified.  The authors acknowledge that genotypes associated with specific 
host species have the potential to infect unrelated species, and the methodology required 
to process the samples was labor-intensive. 
5.1.3 Objectives of the Wissahickon Creek MST study 
 Because of the lack of consensus of opinion with regards to many aspects of 
microbial source tracking, the objectives of the library-dependent study implemented in a 
small watershed in southeastern Pennsylvania attempted to address three issues.  The first 
objective was to determine whether it was possible to assemble a library of data from two 
target organisms generated from two analytical methods.  The target organisms were E. 
coli and Enterococcus spp., and the analytical methods were a phenotypic approach, 
namely antibiotic resistance analysis (ARA), and a genotypic approach using polymerase 
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chain reaction (PCR).  The second objective was to determine if the known source data 
generated from the analytical methods were of use for the source assignment of E. coli 
and/or enterococci.  This would assist in the determination of the most appropriate target 
organism(s), analytical method(s) and data analysis tool(s).  Based on the outcomes of the 
second objective, the third objective was to classify isolates from unknown sources, 
namely those isolated from creek water samples both within and outside of the watershed. 
 The Wissahickon Creek watershed occupies approximately 64 square miles in 
Philadelphia and Montgomery counties.  It is considered a mixed-use watershed, 
predominantly urban but also containing Fairmount Park and other areas of agricultural 
and wooded land.  Surface water samples were collected on a monthly basis for eleven 
months at two sites along the length of the creek, at one site on a tributary of the creek 
and at a fourth location in a neighboring watershed.  Wastewater treatment plant 
(WWTP) effluent samples were collected in parallel with water samples from three 
facilities in Montgomery County in the upper reaches of the watershed.  Fecal samples 
were collected on a monthly basis over a 22-month period, from eleven sites in the 
watershed and at one site in a neighboring watershed.  E. coli and enterococci were 
isolated from all samples (N = 650 isolates, N = 254 samples), and ARA profiles and 
BOX-PCR fingerprints were obtained for the isolates.  One hundred percent of the 
isolates were analyzed using the PCR-based method, but for the ARA method a subset of 
25% were tested.  Statistical procedures were executed using TotalLab 120 DM and 
MatLab R2008a (version 7.6.0). 
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5.2 Methods 
5.2.1 Enterococcus spp. analytical methods 
 Enterococci were chosen as one of the two target organisms because of increased 
interest in their use as an indicator organism for freshwater environments, and their 
relative ease for culturing and isolation.  They have been the target organism of choice 
for many researchers using ARA source tracking techniques and certain PCR-based 
methods.  All standard operating procedures for the following methods are shown in full 
in Appendix D. 
Isolation from water and WWTP effluent samples was achieved using USEPA 
Method 1600 (USEPA, 2005a) and fecal samples were handled using a modification of 
the method outlined in Wiggins (1996).  An example of the membrane filters from water 
and WWTP effluent samples is shown in Figure 38.  For the isolation of enterococci from 
fecal samples approximately 0.3 g of material was suspended in 500 mL phosphate 
buffered saline for membrane filtration.  The filters were placed onto enterococcosel 
broth, and incubated at 37°C for 48 hours.  Biochemical confirmation of 100% of the 
isolates was achieved using Biomérieux API test strips. 
 
 
 
 
Figure 38 Presumptive enterococci isolated from water and WWTP effluent 
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 The ARA procedure was adapted from Wiggins (1996), using four antibiotics at 
two doses in tryptic soy agar (TSA) plates.  Amoxicillin (5, 20 µg/mL), ampicillin (10, 50 
µg/mL), erythromycin (10, 50 µg/mL) and tetracycline (10, 50 µg/mL) were used to test 
the resistance of enterococci by inoculating the plates with isolates, culturing overnight at 
37°C, and recording the presence or absence of growth.   
 The PCR procedure used the BOX-A1R primer (5′- CTA CGG CAA GGC GAC 
GCT GAC G – 3′) and an amplification method adapted from Hassan et al. (2005).  
Attempts were made to replicate the published whole cell suspension method, but 
amplification was not possible.  Therefore a lysis step was introduced to extract the DNA 
from the enterococci cells prior to amplification, and combining this protocol with 
alternate reagents improved the results of the method.  BOX-PCR fingerprints were 
visualized using agarose gel electrophoresis, and images were manipulated using gel 
analysis software. 
5.2.2 E. coli analytical methods 
 E. coli was the second target organism for the source tracking study as it has a 
substantial history of use for both regulatory and source tracking purposes.  The 
availability of multiple protocols for the isolation, phenotypic and genotypic analysis of 
E. coli also influenced the decision. 
 Isolation from water and WWTP effluent samples was achieved using Standard 
Methods 9222 D. and 9222 G. for the isolation of E. coli (Standard Methods for the 
Examination of Water and Wastewater, 2007).  Presumptive E. coli isolates were cultured 
from fecal samples using the method described in Guan et al. (2002), by streaking the 
fecal material directly onto MacConkey agar plates using a sterile swab, and incubating at 
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37°C for 24 hours.  An example of the MacConkey agar plates is shown in Figure 39.  
Biochemical confirmation of 100% of the isolates was achieved using Biomérieux API 
test strips. 
 
 
 
 
Figure 39 Presumptive E. coli isolated from fecal samples 
 
 
 
The ARA procedure was adapted from Harwood et al. (2000), using four 
antibiotics at two doses in Mueller Hinton agar plates.  The antibiotics and doses were as 
described for the enterococci isolates, using the same methods for determining resistance 
after overnight incubation at 37°C. 
 The BOX-PCR procedure was adapted from Hassan et al. (2005).  Unlike the 
enterococci isolates, no lysis was required prior to amplification, as the published method 
using a whole cell suspension of E. coli isolates showed promise.  However, different 
reagents to those listed in the cited paper were needed to generate satisfactory results.  
BOX-PCR fingerprints were visualized using agarose gel electrophoresis, and images 
were manipulated using gel analysis software.  All gel images were analyzed for base 
pair (bp) size of the bands in the sample lanes calibrated to a reference ladder, and the 
lanes were catalogued by source type, sample location, collection date, amplification date 
and taxon. 
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5.3 Methods evaluation 
 Each target organism showed strengths and weaknesses with regards to the 
culturing, biochemical confirmation, ARA and BOX-PCR procedures, and these were 
reflected in the modifications that were necessary to published protocols.  Modifications 
were not desirable but sometimes necessary to the culturing protocols for water and 
WWTP effluent (USEPA, 2005a; Standard Methods for the Examination of Water and 
Wastewater, 2007). 
5.3.1 Enterococcus spp. methods evaluation 
Isolation of enterococci from water and WWTP effluent were conducted 
simultaneously as convenient to the sample schedule.  Filtered volumes were 1.0 mL, 10 
mL and 50 mL of the raw sample.  These sample volumes were chosen because they 
typically yielded up to 10 isolates per plate, which was less than the recommendations 
from the USEPA of 20 to 60 isolates per plate.  Lower numbers were preferable, as 
individual colonies were needed for transference to the suspension media for biochemical 
confirmation.  The most frequently encountered problem was that after the required 
incubation period (41°C ± 0.5°C for 24 ± 2 hours) no colonies were visible, and since the 
maximum hold time of six hours would have elapsed it would not be possible to repeat 
filtering from the same sample.  In this situation, the membrane filters were incubated for 
an additional 24 hours, and this would typically yield isolates confirmed to be 
enterococci. 
 The method of isolating enterococci from fecal samples was problematic because 
picking isolates from membrane filters after incubation was often unreasonable in terms 
of identifying the isolates against the fecal debris.  Alternative methods of culturing the 
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enterococci were attempted, such as streaking the fecal material directly onto selective 
growth media, but they were not successful.  The vacuum filtration method was also 
altered to allow the fecal debris to settle prior to filtration, but this resulted in plates 
showing few if any colonies, suggesting that the enterococci were associated with the 
debris.  The difficulties experienced with this method somewhat explain the results of 
biochemical confirmation accuracy rates, discussed later in this section. 
 The biochemical confirmation of the presumptive enterococci typically performed 
well, although ambiguous results from the color-coded test strips were sometimes an 
issue.  From a practical perspective, the test strips required up to two days of incubation 
for a result to be determined, and the cost per test strip (and therefore per isolate) was 
high compared to other standard microbiological reagents. 
The ARA procedure was lengthy and time-consuming, but simple and cost-
effective in terms of the necessary reagents.  The confirmed isolates were enriched 
overnight prior to inoculation on the antibiotic-dosed plates, and this did not result in any 
isolates failing to grow.  Interpreting the results of the ARA plates was sometimes 
difficult, as isolate ‘dots’ positioned using the 48-prong replicate plater could show 
vigorous or limited growth.  Correspondence with Professor Bruce Wiggins at James 
Madison University helped determine that all growth should be considered equal. 
The inclusion of a lysis procedure prior to PCR amplification was not anticipated, 
as the protocols published by Hassan et al. (2005) used whole cell suspensions of the 
environmental enterococci.  However, amplification was not possible using this method, 
thus a lysis procedure was included using a commercially available kit.  The lysis kit was 
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reliable for DNA extraction, although as with the biochemical confirmation test strips 
there was a high cost per isolate. 
The BOX-PCR procedure was designed to allow the amplification of E. coli and 
enterococci in parallel although in reality this was not practiced, as the enterococci were 
more problematic and thus processed first.  After the lysis step was introduced, the 
amplification and visualization of the amplified enterococci DNA was relatively trouble-
free, although 19% (N = 72) of the enterococci isolates had to be diluted as the excessive 
concentrations of DNA concentration caused smearing of the gel lanes.  The raw and 
diluted DNA concentrations for the enterococci are shown in Appendix B. 
5.3.2 E. coli methods evaluation 
 Isolation of E. coli from the water and WWTP samples used 0.1 mL, 1.0 mL and 
10 mL sample volumes, as partly based on the recommendations in Standard Methods for 
the Examination of Water and Wastewater (2007).  These volumes typically yielded 
lower numbers of colonies than recommended in the protocol but as described for the 
enterococci, this was desirable for the isolation of colonies for confirmation testing.  The 
protocol for culturing E. coli from fecal samples was simple and effective.  As shown 
previously in Figure 39, the only problem encountered was prolific growth on the agar 
plate that required restreaking and incubation for an additional 24 hours for a lone colony 
to be picked from the plate.   
 There were no difficulties with the biochemical confirmation of E. coli other than 
the occasional ambiguous result.  The success of this protocol is partly evaluated by the 
data presented later showing the proportion of presumptive E. coli that were correctly 
confirmed. 
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The ARA procedure was similar as that detailed for the enterococci, and its 
strengths and weaknesses for E. coli were comparable.  Growth was sometimes observed 
to be more vigorous on the antibiotic-dosed plate than on the blank plate, which was 
contrary to expectations but as recommended by Professor Wiggins, all growth was 
considered equal and these differences were not reflected in the ARA data. 
The BOX-PCR procedure for E. coli was a simplified version of that applied to 
the enterococci as no lysis was necessary for the successful amplification of the DNA.  In 
addition to the environmental E. coli analyzed, the positive control for this method was 
pure E. coli DNA, included for both the E. coli and enterococci isolates as it was easy to 
obtain from a reliable manufacturer.  The concentration of this positive control was 
greatly in excess of the optimum value, approximately 20 ng/µL, to ensure that the PCR 
reaction conditions were conducive to amplification.  The visualization of the amplified 
environmental E. coli DNA resulted in more complex lanes of DNA fragments, but their 
intensity over ultraviolet light was greater than those of the enterococci, aiding analysis. 
5.4 Comparison of results for enterococci and E. coli using ARA and PCR 
 The data generated from the two analytical methods for the enterococci and E. 
coli isolates were reviewed from two perspectives.  Firstly, the quality of the data was 
examined in terms of its reproducibility and accuracy, in relation to quality 
assurance/quality control (QA/QC).  Secondly, they were reviewed in terms of the results 
obtained from the data analysis.  Jaccard coefficients of similarity, cluster analyses and 
dendrograms were calculated and analyzed to determine the statistical significance of the 
data.  Discriminant analysis and k-nearest neighbor tests were used to classify known 
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sources to determine the suitability of the datasets for classifying isolates of unknown 
origin (i.e. those isolated from the surface water samples). 
5.4.1 Quality of the data 
 The use of enterococci and E. coli isolates in tandem proved to be a valuable 
exercise in terms of comparing their application as source tracking target organisms.  
Isolation of E. coli from the water and wastewater effluent samples was more problematic 
when compared to the enterococci isolates.  The WWTP effluent sample numbers of E. 
coli were consistently lower, resulting in fewer isolates for analysis using the ARA and 
BOX-PCR approaches.  This is evident in Figure 40. 
 
 
 
 
Figure 40 E. coli and enterococci from Wissahickon Creek water samples and 
WWTP effluent samples 
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 The numbers of enterococci and E. coli isolated from fecal samples was variable, 
causing some species such goose (E. coli = 38; enterococci = 42) and cow (E. coli = 23; 
enterococci = 19) to be well represented in the isolate library, and others such as deer (E. 
coli = 7; enterococci = 2) and cat (E. coli = 2; enterococci = 5) to be poorly represented.  
This was despite intensive sampling efforts for the more problematic host species.  The 
overall numbers of isolates for each fecal source group are shown in Figure 41. 
 
 
 
 
Figure 41 E. coli and enterococci from fecal samples 
 
 
 
The reproducibility of the ARA and BOX-PCR methods was determined through 
the use of laboratory replicates and repeatedly analyzing the American Type Culture 
Collection (ATCC) strains throughout the analytical procedures.  For the ARA method, 
isolates were tested in duplicate to facilitate the interpretation of ambiguous results, and 
when necessary were repeated to include third analysis.  The BOX-PCR analysis 
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included at least one isolate in duplicate for each batch of reactions prepared, and this 
allowed for each agarose gel to include duplicate samples for evaluation of the 
visualization method.  The same cultures of E. faecium ATCC 35667, E. faecalis ATCC 
51299 and E. coli ATCC 25922 were included in all stages of the laboratory procedures, 
from the isolation methods, through biochemical confirmation to the ARA and BOX-
PCR methods. 
The reproducibility of the ARA method was determined by calculating the 
Jaccard coefficients of similarity for the ATCC isolates, and for the BOX-PCR method 
by calculating the same coefficients for the laboratory duplicates.  The reason for the 
different analysis of the two datasets was because of the nature of the results.  Initially the 
intention was to consider the laboratory duplicates for the two analytical methods, but for 
the ARA data, all isolates tested in replicate exhibited the same resistance to antibiotics.  
However, differences were observed between the tested ATCC strains, therefore this was 
considered to be a more rigorous evaluation of the data. 
Examining the accuracy of the analytical methods refers to the biochemical 
confirmation procedures used to confirm the identities of presumptive isolates.  The 
ATCC isolates were included during each batch of test strips.  For the E. coli isolates, 
181 biochemical tests were conducted for the fecal isolates and 159 were conducted for 
the water and WWTP effluent isolates.  For the enterococci isolates, 205 tests were 
conducted for the fecal isolates and 226 were conducted for the water and WWTP 
effluent isolates.  These numbers include the 37 E. coli ATCC 25922 isolates and the 38 
E. faecium ATCC 35667 and E faecalis ATCC 51299 isolates included to evaluate the 
accuracy of the tests.  In each instance, the ATCC isolate tested was classified correctly, 
  
186 
and the identification comment offered by the manufacturer’s database was either ‘very 
good identification’ or ‘excellent identification’. 
5.4.2 Data analysis 
 An explanation of the analysis of the data generated from the collection of the 
isolates from the Wissahickon Creek watershed is divided into three sections.  The first 
section describes the data from the biochemical confirmation of the isolates.  The second 
section describes the data from antibiotic resistance analysis, and the third section 
describes the data from the polymerase chain reaction procedure.  For each component of 
the laboratory analyses, the results for the E. coli and enterococci isolates are compared, 
to evaluate which target organism was more suitable or showed more useful results for 
the procedure, in terms of source tracking in the study area. 
 The results of the biochemical confirmation of the isolates are shown in full in 
Appendix B, and are summarized as follows.  Identification of the E. coli and enterococci 
isolated from the water and WWTP effluent samples showed the same average level of 
accuracy at 89%, meaning that of all presumptive isolates tested 11% were not identified 
as expected.  These isolates were usually identified as Klebsiella spp., Kluyvera spp., 
Streptococcus spp. or Leuconostoc spp.  The results for the E. coli from fecal samples 
were comparable with those from the water and WWTP effluent samples, where an 
average of 88% of presumptive isolates were identified as E. coli.  However the 
enterococci isolated from fecal samples showed much lower accuracy rates, with an 
average accuracy of 68%.  This was not because the presumptive enterococci were often 
identified as another taxon, but because the result was often impossible to interpret 
(‘unacceptable profile’).  As previously mentioned, picking presumptive isolates from the 
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membrane filters containing fecal debris was challenging, and it is assumed that in some 
instances, no isolate or more than one isolate was transferred from the filter.  This 
resulted in biochemical profiles that were not taxonomically relevant (i.e. mixed 
cultures). 
 The ARA method was implemented for 25% of the E. coli and enterococci 
isolates.  The complete library of isolates was not tested due to time constraints.  As such, 
84 enterococci isolates (23 from water samples, 21 from WWTP effluent samples, 32 
from fecal samples, and 8 ATCC isolates), and 74 the E. coli isolates (23 from water 
samples, 6 from WWTP effluent samples, 37 from fecal samples and 8 ATCC isolates) 
were tested.  Although the ARA procedure performed similarly well for the two sets of 
isolates, analysis of the results was hindered by two factors.  Because a subset of the 
isolate library was tested, the antibiotic resistance of the indicator organisms isolated in 
the Wissahickon Creek remains incomplete as not all available isolates were analyzed.  
Secondly, the proportions of isolates that were not resistant to any of the antibiotics tested 
(37% of the enterococci), or resistant to the minimum doses of two of the four antibiotics 
tested (42% of the E. coli) affected the classification of isolates from water samples.  
These isolates were from a variety of known sources (WWTP effluent, domestic animal, 
livestock, waterfowl), and the only source group that consistently showed resistance to 
the suite of antibiotics was the mammalian wildlife.  This is contradictory to one premise 
of ARA research, as bacterial isolates from wildlife are assumed to be susceptible to 
antibiotics, as they are typically not treated with veterinary medicines.  However these 
samples originated from a wildlife rehabilitation clinic and although the staff was 
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questioned regarding the medical treatment of the animals, it seems likely that antibiotics 
had been administered to the sampled individuals. 
 These limitations in the ARA results were reflected in the outputs of the statistical 
analyses and classification methods applied to the datasets.  Jaccard coefficients of 
similarity were calculated for the two datasets (E. coli and enterococci), cluster analyses 
were performed to generate dendrograms, and classification of known source and 
unknown source isolates was attempted using discriminant analysis (DA) and k-nearest 
neighbor (knn) analysis.  The thresholds for similarity using Jaccard coefficients were 
calculated by comparing the ARA results for the ATCC strains.  The E. coli ATCC 
results were 88% similar for the suite of antibiotics, and those for the enterococci ATCC 
strains were 75% similar.  Applying these thresholds to the known source groups resulted 
in overall similarity coefficients of approximately 70% for both the E. coli and 
enterococci data. 
 The spatial relationships between the ARA data for each bacterial group were 
compared using cluster analysis, and the results visualized by constructing hierarchical 
dendrograms.  Euclidean and Jaccard distance metrics were combined with average, 
complete, and single linkages for the dendrogram construction.  The choice of distance 
metric or linkage did not affect the placement of isolates in the clusters, which were 
composed of isolates from diverse sources.  The E. coli cluster analysis was dominated 
by the isolates that showed resistance to the minimum doses of antibiotics, and those 
showing no resistance to any antibiotics dominated the enterococci cluster analysis. 
 Classification of the ARA data from known source groups was undertaken using 
DA and knn to determine rates of correct classification (RCCs), which evaluates how 
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well the known source group as a whole represents the data from its individual members.  
DA performed poorly for the two datasets, generating RCCs of 0% to 50% for the six 
known source groups.  However using knn (k = 1, 2, 3, 4, 5, 6) resulted in RCCs of up to 
100%.  Notable results are the livestock E. coli group (N = 12, RCC = 100%), domestic 
enterococci (N = 3, RCC = 100%), and livestock enterococci (N = 11, RCC = 82%).  The 
results of jackknife analysis of the RCC values contributed towards determining that the 
most appropriate classification level for isolates of unknown origin from water samples 
was ‘livestock vs. all other known’ for both the E. coli and enterococci ARA datasets.  
Twenty-three water-derived E. coli isolates were tested from four sampling locations of 
which 19 (82%) were classified as originating from livestock.  Similarly, of 31 
enterococci isolates cultured from water samples, 25 (80%) were classified by source as 
livestock. 
 The BOX-PCR analysis was applied to 100% of the E. coli and enterococci 
isolates and, including duplicate samples, resulted in 375 DNA fingerprints of 
enterococci isolates and 315 fingerprints for E. coli isolates.  Of these, 261 enterococci 
and 220 E. coli fingerprints were from known sources.  Aside from the previously 
mentioned issue of an additional lysis procedure for the enterococci isolates, the BOX-
PCR protocol was more straightforward than the ARA method to implement once the 
standard operating procedures had been tested and finalized.  Although it was not less 
time-consuming in terms of the thermal cycler protocol and gel electrophoresis 
procedure, a higher throughput of isolates was easier to achieve due to streamlined 
analysis and visualization. 
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 As described for the ARA data, the BOX-PCR results were analyzed using 
Jaccard coefficients of similarity, cluster analysis and dendrogram construction, and 
discriminant analysis and k-nearest neighbor analysis for the calculation of RCCs and the 
classification of isolates from water samples.  The thresholds for the Jaccard similarity 
coefficients were calculated using laboratory duplicates, yielding 80% similarity for the 
E. coli isolates and 62% similarity for the enterococci.  For the known source groups, the 
average similarity for E. coli and enterococci was 64% and 59% respectively.  The cluster 
analysis and dendrogram construction generated five groups for the E. coli fingerprints 
and six groups for the enterococci.  Membership was diverse, with livestock and wildlife 
isolates evenly spread between the E. coli groups, and domestic animal and wildlife 
isolates evenly spread between the enterococci groups. 
 The use of discriminant analysis and k-nearest neighbor classification method 
showed variable RCCs for the known source groups, with knn consistently surpassing 
DA.  The RCCs for the E. coli BOX-PCR fingerprints ranged from 0% to 59% (DA) and 
0% to 93% (knn; k = variable).  Classification of the known source enterococci BOX-
PCR fingerprints generated RCCs of 52% to 86% (DA) and 84% to 100% (knn; k = 1).  
Jackknifing the RCCs resulted in some results remaining unchanged and others 
decreasing for both the DA and knn data.  Because of the higher RCCs and consistent k 
value, the enterococci BOX-PCR fingerprints were used to classify the surface water 
isolates at a six source group classification level (domestic animal; livestock; waterfowl; 
wildlife; WWTP effluent; zoo).  At two water sampling sites separate from the 
Wissahickon Creek main stream, enterococci were predominantly classified as WWTP 
effluent (57%), with the remainder predominantly classified as livestock (26%).  At the 
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two sites along the length of the Wissahickon Creek, 69% of the enterococci were 
classified as WWTP effluent, with an additional 15% classified as waterfowl. 
5.5 Discussion 
The results generated from the analysis of the E. coli and enterococci isolates in 
part reflected certain characteristics of the target organisms.  It would appear that based 
on the ARA data, the dominant source of indicator organisms in the Wissahickon Creek 
is livestock.  However, the analysis of the BOX-PCR data would suggest that finished 
effluent from WWTP facilities is the main contributor of enterococci to the watershed.  
Before discussing these data in more detail, certain issues relating to the choice of target 
organism and their isolation from the samples will be reviewed. 
5.5.1 Clonal isolates 
 When conducting a source tracking study, the sampling strategy is often a key 
issue when attempting to adequately represent sources of bacterial contamination in the 
study area.  When considering time constraints and the effort involved in collecting 
suitable samples and isolating the target organisms, two approaches can be taken.  Ideally 
a large number of samples would be collected and many bacteria would be isolated.  
However in reality, often a small number of samples can be collected from which a large 
number of isolates are selected, or a smaller number of samples are collected yielding as 
many isolates as is practicable.  Both of these strategies have been employed in recent 
literature.  For example, for ARA purposes Wiggins (1996) isolated 1,435 fecal 
streptococci from 17 fecal samples from three known source groups (cattle, poultry, 
sewage) equating to an average of 84 isolates from each fecal sample.  However, Hassan 
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et al. (2005) collected on average three E. coli and enterococci isolates from 1,400 to 
1,500 fecal samples representing four known source groups (human, cattle, poultry, deer). 
 The reason these examples are important is because of the effect clonal isolates 
can have on the ARA profiles and BOX-PCR fingerprints of isolates representing source 
groups.  Clonal isolates are genetically identical, and their analysis in environmental 
samples can be used to determine replication and proliferation in the environment 
(McLellan et al., 2001), which is an undesirable characteristic of indicator organisms.  
Within the realms of microbial source tracking, the presence of large proportions of 
clonal isolates representing known host individuals or groups can be misleading, as the 
data generated from their analysis can overwhelmingly ascribe certain characteristics 
(genotypic or phenotypic) to an individual or group. 
 With regards to the diversity of BOX-PCR fingerprints in the library, the data 
generated from the gel electrophoresis images were analyzed to determine how many 
unique profiles constituted the libraries of data for the E. coli and enterococci isolates.  
For a total of 684 isolate results, including laboratory duplicates, 204 E. coli fingerprints 
(64.8%) were unique, as in they appeared only once in the dataset.  For the enterococci 
fingerprints, this number was 144 (39.0%).  No more than eight E. coli isolates shared the 
same fingerprint, whereas for the enterococci isolates, one group contained 44 identical 
members.  This group was composed of ATCC strains, and isolates from WWTP 
effluent, livestock and surface water samples collected at WISS140 and WISS410.   
These data are plotted in duplicate in Figures 42 and 43 on both normal and log-log 
scales to better visualize the data. 
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Figure 42 Frequency and number of E. coli with individual BOX-PCR fingerprints 
 
 
 
 Both BOX-PCR datasets show a sharp decline in the numbers of times a 
fingerprint profile appears in the library, and this is reflected in the slope of the log-log 
plots.  The slope for the E. coli log-log plot is -2.960, whereas for the enterococci log-log 
plot it is -0.187.  It is possible that this variability within the BOX-PCR datasets accounts 
for the differences in the rates of correct classification of the known source groups. 
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Figure 43 Frequency and number of enterococci with individual BOX-PCR 
fingerprints 
 
 
 
In the complete isolate inventory for the Wissahickon Creek watershed shown in 
Appendix B, the average number of isolates obtained from any sample was between two 
and three.  The maximum isolated from one sample was nine, as shown by sample 
identification numbers 502 to 510, all Enterococcus faecium (E. faecium) isolated from a 
10 mL effluent sample from Ambler WWTP.  The BOX-PCR data from these isolates are 
shown in Table 32.  Sample 510 was split to become laboratory duplicates for the PCR 
reaction (510A; 510B), and the data for each sample includes the number of bands and 
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the base pair values for each band in the gel lane.  It is clear that the numbers of bands 
per lane and the base pair values of the bands are different between the enterococci 
isolated from this WWTP effluent sample. 
 
 
 
Table 32 Amplified DNA data for E. faecium isolates from WWTP effluent sample 
Sample ID 510B 510A 509 508 507 
Band No Base Pairs Base Pairs Base Pairs Base Pairs Base Pairs 
1 14,600 14,520 8,680 8,879 6,952 
2 3,391 3,338 6,842 7,461 5,756 
3 2,754 2,754 5,796 5,876 3,721 
4 2,397 2,420 4,775 4,763 2,908 
5 1,694 1,682 3,549 3,552 2,640 
6 1,549 1,549 2,908 2,907 2,469 
7 1,402 1,404 2,491 2,087 2,272 
8 1,110 1,099 2,084 1,741 1,744 
9 1,018 1,007 1,740 1,563 1,565 
10 940 940 1,462 1,274 1,098 
11   1,285 1,086 1,005 
12   1,087 372 364 
13   780   
14   371   
 
Sample ID 506 505 504 503 502 
Band No Base Pairs Base Pairs Base Pairs Base Pairs Base Pairs 
1 11,720 6,897 4,588 4,215 4,469 
2 8,562 5,736 3,788 2,761 2,912 
3 6,761 3,712 2,875 1,597 2,691 
4 5,531 3,232 2,691 1,420 1,712 
5 4,894 2,908 1,594 1,124 1,601 
6 4,082 2,640 1,322 1,051 1,425 
7 3,585 2,465 1,110 972 1,141 
8 2,940 2,246 1,025 905 1,036 
9 2,106 1,757 947 376 958 
10 1,755 1,549 370  381 
11 1,549 1,108    
12 1,272 1,004    
13 1,085 381    
14 369     
 
 
  
196 
5.5.2 Quality assurance and quality control 
 Efforts were made through all stages of the laboratory analyses to address quality 
assurance and quality control (QA/QC) issues.  The inclusion of blank samples for the 
isolation of E. coli and enterococci included the vacuum filtration of deionized water and 
the direct streaking of sterile swabs onto solid growth media.  If growth was observed on 
the blank plates, the experiment would be repeated but as this did not occur during the 
analyses, repetition was not required.  The antibiotic resistance analysis procedures 
required that cultures grew on blank plates and the polymerase chain reaction method 
included blank samples that contained no template DNA.  Any analysis that included a 
blank sample showing undesirable results was repeated. 
 Laboratory replicates were tested to confirm the outcome of the ARA and BOX-
PCR methods, and for additional data analysis.  Isolates were tested in duplicate for the 
ARA procedures and if there was a discrepancy between the results, a triplicate was also 
tested to confirm resistance.  Discrepancies arose due to limited but possible growth on 
antibiotic-dosed plates, and the subsequent difficulties in determining the results.  
Laboratory duplicates were tested for the BOX-PCR procedure to evaluate the possibility 
of issues in the visualization of bands on the agarose gel and to provide data for 
calculating similarity coefficients.  Based on the Jaccard indices, the BOX-PCR products 
of the duplicate isolates yielded 80% similarity for the E. coli isolates and 62% similarity 
for the enterococci.  The number of duplicate isolates tested for each bacterium was 
similar (N = 16 E. coli; N = 15 enterococci), but within the enterococci group multiple 
strains were tested.  This could account for the lower level of similarity within the group. 
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 With regards to the inclusion of fecal samples from the Philadelphia Zoo, isolates 
acquired from these samples were intended for use as challenge isolates, as recommended 
in Stoeckel et al. (2004).  The reasoning behind their analysis was that these sources 
should not be classified with any native animals, as interaction was unlikely to occur 
between the native animals in the watershed and those in the zoo.  However, further 
communications with the zoo revealed that for the Artiodactyla (including giraffe, addax 
and gazelle) and Perissodactyla (including zebra and rhinoceros), the feces are collected 
and taken to the Fairmount Park Recycling Center for composting.  Bird feces are either 
picked up and put out in the municipal waste or hosed down the drain where they are 
treated by a WWTP facility.  Therefore as these isolates could enter the environment, 
their use as challenge isolates was not continued and they were incorporated into the E. 
coli and enterococci known source libraries. 
5.5.3 Effect of wastewater treatment plant disinfection on the numbers of bacteria 
isolated 
 As previously shown in Figure 40, the numbers of E. coli and enterococci isolated 
from the WWTP effluent samples was highly variable, with enterococci numbers 
consistently higher. Forty-eight WWTP effluent samples in total were collected from the 
three facilities, on sixteen occasions from January to November 2007.  At least one 
sample was taken for each month, with additional samples collected in January, March, 
April and August.   Sampling began at Abington (ABTNEFF1) in January, and at Ambler 
(AMBLEFF1) and Upper Gwynedd (UPGWYN1) in February, meaning that there were 
two additional sampling opportunities in January for bacteria to be isolated from 
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ABTNEFF1.  However, bacterial counts for AMBLEFF1 for E. coli and enterococci were 
highest overall.   
The facility at Upper Gwynedd uses settling tanks, aeration, filters and chlorine to 
treat its wastewater prior to discharge, whereas Abington and Ambler use trickling filters, 
settling tanks, chlorine and ultraviolet (UV) disinfection to treat their wastewater.  A 
schematic of the Ambler facility is shown in Figure 44.  As influent samples were not 
collected at the WWTP facilities in the Wissahickon Creek, it is difficult to ascertain why 
the numbers for E. coli and enterococci varied.  A study by Miescier and Cabelli (1982) 
sampled WWTPs in Rhode Island that used settling, filtration and chlorination to treat 
wastewater.  The recovery of E. coli in the inlets, primary and secondary effluents was 
consistently higher than for enterococci. 
 
 
 
 
Figure 44 Ambler WWTP process flow diagram (Source: www.ambler.pa.us) 
  
199 
 Rose et al. (2004) sampled WWTPs in Florida, California and Arizona for 
coliforms, enterococci, other indicator bacteria and viruses in the influents and effluents.   
In addition to settling and filtration, five of the plants used chlorination as the 
disinfectant, and the sixth used UV disinfection.  Influent concentrations of total and 
fecal coliforms were higher than enterococci, and this was reflected in the effluent 
concentrations.  The method of disinfection influenced total coliforms and fecal 
coliforms, where higher concentrations were associated with the facility using UV 
disinfection. 
 The reason for higher enterococci counts overall could be a result of methods 
performance or a reflection of the microbial quality of the effluent.  Obtaining influent 
data from the facilities would assist in answering this question as from a practical 
perspective, the isolation of E. coli from the WWTP effluent samples was no more 
problematic than the method for enterococci.  Regardless of the reason for this difference, 
8.8% of the E. coli and 21.3% of the enterococci in the Wissahickon Creek culture 
collection were isolated from WWTP facilities. 
5.5.4 Wet weather vs. dry weather data 
 The majority of surface water samples were collected during dry weather events, 
although three wet weather sampling events occurred in April (two events) and August 
(one event).  April 2007 was a particularly wet month for the Philadelphia area with 8.29 
inches of rain, which was more than double the 30-year norm.  For the purposes of 
sampling for the study, a wet weather event constituted a minimum of precipitation 
greater than 0.5 inches in a 24 hour period. 
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 Data are offered for the enumeration of the thermotolerant (fecal) coliforms and 
enterococci isolates from the wet and dry weather samples, although there is a caveat for 
these results.  The standardized methods for the isolation of the target organisms were 
adjusted to allow isolated colonies to be picked from the filter plates more easily.  
Therefore, although 20 to 60 enterococci colonies (USEPA, 2005a) and 20 to 80 
coliforms (Standard Methods for the Examination of Water and Wastewater Online 
Edition, 2007) are recommended, the isolation of lower numbers of colonies was 
preferred for source tracking purposes.  At WISS140 near the confluence of the 
Wissahickon Creek with the Schuylkill River, the average concentrations of colony 
forming units (CFU) of thermotolerant (fecal) coliforms and enterococci for the 2007 
sampling period were 490 CFU/100 mL and 135 CFU/100 mL respectively.  Upstream at 
WISS410, the thermotolerant (fecal) coliforms and enterococci concentrations were 741 
CFU/100 mL and 79 CFU/100 mL.  In comparison, the bacterial concentrations from the 
three wet weather events are shown in Table 33. 
 
 
 
Table 33 Enumeration of fecal coliforms and enterococci from wet weather samples 
 WISS140 WISS410 
 Fecal coliforms 
(CFU/100mL) 
Enterococci 
(CFU/100mL) 
Fecal coliforms 
(CFU/100mL) 
Enterococci 
(CFU/100mL) 
April (1) 633 825 617 2,100 
April (2) 800 800 2,150 3,000 
August 5,000 2,700 2,000 TNTC 
Note: TNTC denotes Too Numerous To Count 
 
 
 
 As April 2007 had high rainfall throughout the month, it is likely that bacterial 
load of the runoff into the Wissahickon Creek during the two wet weather events was 
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diluted.  However during August, overall rainfall was average (3.81 inches compared to 
the 30-year average of 3.80 inches).  This means that an accumulation of bacterial 
contaminants and debris could have entered the watershed because of the rain event.  The 
data presented for the two events in April show that enterococci numbers were equal to or 
in excess of those for thermotolerant (fecal) coliforms at the two sampling sites, but in 
August at WISS140 enterococci numbers were lower than thermotolerant (fecal) 
coliforms.  For this event at WISS410, enterococci numbers were considered too 
numerous to count, meaning that even at the lowest dilution (1 mL), there were too many 
presumptive isolates on the plate for enumeration. 
5.5.5 Seasonal effects 
 The isolation of bacteria from fecal samples occurred from different host species 
on a variable month-by-month schedule, preventing an assessment of seasonal changes in 
the numbers of bacteria.  Details of the fecal sampling schedule are given in Table 34, 
however this schedule was not designed to address seasonal variations in numbers of host 
species in the Wissahickon Creek watershed.  It was designed from a logistical 
perspective to maximize sampling efficiency for the study area, and species that had 
shown to be poorly represented in the isolate library (e.g. deer, dog, cat) from earlier 
sampling efforts were resampled towards the end of the sampling period. 
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Table 34 Fecal samples in and around the Wissahickon Creek watershed 
Month Host group Host species 
January Livestock Cow, pig, donkey, sheep, horse 
 Waterfowl Goose 
February Livestock Cow, sheep 
March Livestock Cow, donkey, sheep 
April Livestock Cow 
May Livestock Cow, donkey, sheep 
June Livestock Cow, donkey, sheep 
July Waterfowl Goose 
August Waterfowl Goose 
September Waterfowl Goose 
October Waterfowl Goose 
November Domestic animal Dog, cat 
 Wildlife Woodchuck, raccoon, opossum, deer 
 Domestic animal Cat 
December Wildlife Woodchuck, raccoon, opossum, deer, skunk, squirrel 
 Domestic animal Dog 
 Waterfowl Gull 
January Wildlife Deer 
May Livestock Horse, goat, sheep, pig 
October Zoo 
Emu, hornbill, ostrich, ibis, giraffe, gazelle, zebra, 
rhino, penguin, addax 
 
 
 
Comparing the two most frequently sampled groups, the livestock samples came 
from four different locations (Erdenheim Farm, Courtesy Stables, Saul Agricultural High 
School, Fox Chase Farm), and the waterfowl samples came from three locations (Valley 
Green Inn, Kelly Drive, the Schuylkill Center for Environmental Education).
 Reviewing the seasonal variations in bacterial numbers for the water and WWTP 
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effluent samples was easier, because these samples were collected every month from 
January through to November, usually on the first Monday of the month. 
 Figures 45 and 46 show the bacterial numbers from the two Wissahickon Creek 
sampling sites and three wastewater treatment plant facilities for the sampling period.  As 
mentioned previously the caveat for these data is that the methods were modified to 
generate lower numbers of isolates than recommended in the standardized protocols. 
 
 
 
 
Figure 45 Enumeration of enterococci isolated from five sites during 2007 
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Figure 46 Enumeration of fecal coliforms isolated from five sites during 2007 
 
 
 
 As shown in Figure 45, there is a variation in the numbers of enterococci isolated 
from the sampling sites, with the highest CFU/100 mL values exhibited in January and 
February 2007.  A similar pattern is shown for the thermotolerant (fecal) coliforms, with 
additional high values recorded for August 2007.  It should be noted that the y-axis for 
the two plots is different, with higher overall values for the thermotolerant (fecal) 
coliforms.  Additionally, with regards to the WWTP effluent isolate counts, it was not 
possible to isolate any thermotolerant (fecal) coliforms in April, and for some sampling 
events during certain months none of the target organisms were isolated from particular 
sites.  For the enterococci data, WISS140 and Upper Gwynedd WWTP yielded the most 
isolates, and for the thermotolerant (fecal) coliforms, the highest numbers came from 
WISS410 and Abington WWTP. 
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5.5.6 Seasonal effects on source assignment using enterococci BOX-PCR data 
 The most robust method of source assignment of the isolates of unknown 
provenance was determined to be the application of the k-nearest neighbor approach 
using the BOX-PCR data generated from the enterococci isolates.  To further evaluate the 
origin of isolates in the Wissahickon Creek water samples, the data were analyzed by 
season.  Enterococci isolated from water samples collected from October to April were 
compared to those from water samples collected from May to September to determine if 
there was any seasonal effect on the inputs of fecal contamination into the surface water.  
The following data are presented from two perspectives, namely the effect of season on 
all Wissahickon Creek enterococci, and the effect of season on enterococci from sites 
WISS140 and WISS410 individually. 
 Figure 47 presents the source assignment of isolates collected at both sites in the 
Wissahickon Creek.  A total of 38 isolates were obtained October through to April, and 
34 isolates were obtained for May through to September.  It is clear that during the colder 
months, isolates from WWTP finished effluent dominate the source assignment.  
However during the warmer months, the source assignment is more varied, with all six 
potential source groups represented in the classification method. 
Assessing factors that might influence these data, the mean monthly discharge of 
the Wissahickon Creek is highly varied from October through to April, encompassing 
both high and low flows, whereas discharge from May to September is typically low.  
The climatological data for the sampling period is more definitive.  For the colder 
sampling months, precipitation was high.  For the 2007 sampling period of January to 
April and October to December, 29.64 inches of precipitation was recorded at the Queen 
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Lane rain gauge, which is 7.22 inches above the 30-year norm.  However from May to 
September 2007, 12.89 inches of rain was recorded, which was a deficit of 6.10 inches 
compared to normal rainfall levels. 
 
 
 
 
Figure 47 Effect of sampling period on the source assignment of enterococci in the 
Wissahickon Creek 
 
 
 
 Disseminating the seasonal effects on source assignment, Figure 48 presents the 
same data based on the sample location.  The influence of the classification of 
enterococci at site WISS410 is clear, as greater numbers of enterococci isolated from this 
location during the warmer months are of diverse origin, when compared to the data for 
WISS140.  The overall pattern of seasonal influence shows that at WISS140 WWTP 
effluent isolates clearly dominate year round, but at WISS410 the source assignment is 
more complex. 
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Figure 48 Effect of sampling period on the source assignment of enterococci at 
WISS140 and WISS410 on the Wissahickon Creek 
 
 
 
 One assumption of the seasonal influence on source assignment was that during 
the winter, the origin of fecal bacteria would be diverse due to increased run-off from the 
watershed because of higher precipitation and snowmelt.  During the warmer months 
when precipitation is lower, human associated inputs of bacteria were expected to 
dominate due to increased proportion of WWTP effluent in the surface water.  However 
these data suggest that at WISS140 near the confluence of the Wissahickon Creek with 
the Schuylkill River, there is little variation in the sources of enterococci.  At WISS410 
closer to the headwaters, more diversity in the sources of bacteria is evident during the 
warmer months. 
5.5.7 Speciation of enterococci by source 
 As previously mentioned, overall enterococci isolates outnumbered the E. coli 
isolates from each of the known host sources or sampling locations.  For the purposes of 
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the ARA and BOX-PCR methods, the enterococci isolates were analyzed on a genus 
level i.e. the data were analyzed collectively without distinguishing between the 
individual species.  However the biochemical confirmation of the enterococci provided 
information on the taxonomic identity of the isolates, allowing for the potential speciation 
of enterococci by source to be evaluated, as shown in Figure 49. 
 
 
 
 
Figure 49 Speciation of enterococci by known source or water sample location 
 
 
 
 The data show the proportion of each enterococci strain isolated from each 
source.  The data are categorized by known source group and by surface water sampling 
location.  The demonstration sites are the combined data for Fox Chase Farm and the 
Schuylkill Center for Environmental Education, and the WISS sites are the combined 
data for WISS140 and WISS410. 
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 These results show that the speciation of enterococci for waterfowl and wildlife is 
similar, with approximately 65% identified as E. faecium and 35% identified as E. 
faecalis.  Of the known source groups, E. durans was only identified from the WWTP 
finished effluent samples (12%), with a similar percentage identified in water samples 
from the demonstration sites (15%) and Wissahickon Creek sites (9%).  However as the 
inputs into the WWTP facilities may extend beyond human sanitary waste, it is unclear if 
E. durans can be considered human specific.  Domestic animals and zoo animals were the 
only sources yielding more E. faecalis isolates than E. faecium.  For all other sources or 
sampling locations E. faecium dominated.  E. avium was isolated in low numbers from 
livestock (3%) and zoo (11%), and similar proportions were identified from the 
demonstration sites (15%) and Wissahickon Creek sites (4%). 
When evaluating the data for enterococci species by source, it must be 
remembered that the aim of the culture methods was not to identify all presumptive 
isolates on the membrane filter.  Isolates were selected based on their characteristic 
appearance as presumptive enterococci and their separation from other isolates on the 
filter.  Therefore the speciation patterns presented in Figure 49 may not portray the true 
abundance of species by source.  For example, numbers of E. avium and E. durans are 
very low in the isolate library, but their presence in the samples may have been 
underestimated if they did not show vigorous growth on the membrane filters and were 
therefore more difficult to pick from the plate.  Some enterococci species are suspected to 
be host specific (e.g. E. avium in birds), but their distribution by source in this exercise 
does not show true host specificity. 
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5.5.8 ARA data 
 Analysis of the ARA results was limited by the smaller proportion of the 
complete isolate inventory tested against the suite of antibiotics.  As previously 
mentioned statistical tests were used to evaluate the datasets and classification methods 
were used to calculate rates of correct classification for known host groups and determine 
source allocation for isolates of unknown source.  The influence of the isolates from 
livestock sources seemed to dominate the data analysis, with the majority of enterococci 
and E. coli isolates assigned to this source group.  For this analytical method to be more 
effective in determining sources of fecal pollution in the Wissahickon Creek watershed, 
the remaining 75% of the bacteria (N = 487) isolated in 2007/2008 would need to be 
tested.  Additionally, the suite of antibiotics at ‘low’ and ‘high’ doses could be expanded 
to accommodate more antibiotics and/or a greater range of concentrations.  This would 
potentially reduce the numbers of isolates not resistant to any antibiotics and give more 
meaningful results. 
5.5.9 BOX-PCR data 
 Analysis of the 650 isolates using the BOX-PCR method generated more useful 
data than the ARA method in terms of the number of data points, the RCC values for the 
known source groups and the potential to classify ‘unknown’ isolates for evaluating 
bacterial inputs into the watershed.  The statistical tests determined that homogeneity 
between the known source groups was lower than those for the ARA data, and the cluster 
analysis did not generate clearly defined groups of similar source.  However the chosen 
classification methods were better able to generate RCCs that suggested the BOX-PCR 
fingerprints were suitable for source assignment between the six known host groups.  The 
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discriminant analysis approach did not perform as well as expected, given its previous, 
frequent use in classifying MST data.  Using the k-nearest neighbor approach, RCCs 
were higher and for the enterococci BOX-PCR data, the value of k (i.e. the number of 
nearest neighbors to which an isolate was compared) was consistent, facilitating the 
source assignment of isolates from water samples.  The difference in the results of DA 
and knn can be attributed to the hypothesis behind each classification method.  
Discriminant analysis assumes a probability density function, where the predictors of the 
analysis (e.g. BOX-PCR data) are assumed to be normally distributed, and outliers in the 
data can distort the estimation of the influence of the predictors (Fielding, 2007).  
However the knn approach makes no assumptions about the distribution of the data and 
treats all predictors equally.  In a dataset such as the BOX-PCR fingerprints libraries, 
where groups were unevenly represented, the knn approach showed itself to be more 
suitable as a classification method. 
5.6 Summary and conclusions 
 Choosing two target organisms for the generation of source tracking data in the 
Wissahickon Creek proved to be a worthwhile exercise.  Significant extra time and labor 
were required to isolate E. coli and enterococci in parallel, as opposed to selecting a 
single microbe of interest based on previous work from other watersheds.  The usefulness 
of E. coli was hindered by a number of factors, although overall its isolation and analysis 
was easier than for the enterococci.  E. coli were isolated in low numbers at the 
wastewater treatment plants, reducing the representation of this source group in the 
isolate library.  The overall E. coli numbers from known source samples were also lower 
(E. coli = 170; enterococci = 243), reducing the size of the known source library to which 
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the surface water isolates were compared.  Conversely, the higher numbers of enterococci 
in the culture collection did not come without extra time, labor and expense.  This is 
particularly reflected in the lower percentage of enterococci correctly confirmed using the 
biochemical confirmation tests, and the lysis procedure that was required prior to PCR 
amplification. 
The goal of this research was to develop a method to correctly classify isolates 
from water samples using a library-dependent approach.  Previous research has often 
employed the ARA method using enterococci and the BOX-PCR method using E. coli.  
The development of this project from finalizing standard operating procedures, 
implementing analytical methods and analyzing the data has shown that by using 
appropriate statistical techniques, the additional effort involved in sampling for 
enterococci and preparing the isolates for BOX-PCR analysis satisfied the objectives of 
this research. 
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CHAPTER 6: CONCLUSIONS AND FUTURE RESEARCH 
 
 
 
 
6.1 Conclusions 
The main environmental sampling effort in 2007 was fortuitous timing as it was 
an average year with regards to temperature and precipitation data.  This provided 
excellent baseline data for source tracking efforts in future years that may be exceptional 
in terms of climatological and hydrological conditions. 
 
Escherichia coli laboratory handling methods were more straightforward than 
those for the enterococci, although the effort involved in processing the enterococci 
isolates was rewarded by producing data that were more useful for microbial source 
tracking purposes. 
 
As this was the first attempt at microbial source tracking in the Wissahickon 
Creek watershed, the choice of library-dependent methods gave valuable insight into a 
diverse range of potential inputs of bacterial contamination into the creek.  It provides a 
solid foundation for further analyses that will support targeting specific sources, perhaps 
using library-independent analytical methods. 
 
The use of antibiotic resistance analysis was hindered by the low throughput of 
samples, the limited dose range, and the consequent lack of data for the complete isolate 
library.  These limitations question the merit of including the antibiotic resistance 
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analysis data in the source assignment of isolates of unknown origin in the current 
research. 
 
The BOX-PCR analysis produced superior data for the enterococci compared to 
the Escherichia coli isolates, although had the lysis procedure been implemented for both 
culture collections, the analysis of the Escherichia coli genetic fingerprints might have 
been comparable. 
 
The choice of statistical tests gave an overview of the data generated from the 
laboratory analyses, although the similarity coefficients and cluster analyses did not 
accurately predict which datasets would be the most valuable for classification purposes. 
 
An evaluation of classification methods has shown that perhaps there has been an 
over-reliance on the use of discriminant analysis in microbial source tracking efforts, and 
the applicability of k-nearest neighbor has been underestimated. 
 
Comparing the overall data from the antibiotic resistance analysis and the BOX-
PCR method, there is a conflict with regards to the likely sources of fecal contamination 
in the Wissahickon Creek watershed.  The resistance profiles suggest livestock to be a 
dominant source, whereas the BOX-PCR fingerprints are dominated by isolates from 
wastewater treatment plant effluent.  Given the current limitations of the antibiotic 
resistance analysis data, it is suggested that until more isolates are tested the BOX-PCR 
data should be considered superior. 
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 A higher proportion of the enterococci isolated from the Wissahickon Creek 
sampling site further downstream from the sampled wastewater treatment plant effluent 
facilities were classified as originating from the facilities.  Given the potential mixing 
along the length of the creek, this suggests that although these isolates are from human-
related sources, they may not specifically be attributed to these facilities.  It is possible 
that other human-related sources may be the true source of these isolates along the 
intermediate length of the creek, which also suggests that bacteria isolated from the 
wastewater treatment plant effluent facilities could be of mixed origin. 
 
The results of this source tracking effort compare favorably to similar research 
efforts, and the size of the isolate library is appropriate for generating acceptable rates of 
correct classification.  The statistical analyses compared discriminant analysis, which has 
been frequently used in previous studies, against a rarely used source assignment method, 
namely k-nearest neighbor.  Successful use of this alternate method has shown that more 
research is needed to determine its suitability for the classification of other microbial 
source tracking datasets. 
 
6.2 Future research 
The numbers of isolates from individual sources or species were highly variable 
in the Wissahickon Creek watershed culture collection, and it is recommended that 
regardless of which microbial source tracking techniques are implemented to progress the 
research, additional environmental samples are collected for under-represented groups.  
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The notable source is wastewater treatment plant effluent samples for the isolation of 
Escherichia coli. 
 
For the effective implementation of antibiotic resistance analysis for source 
tracking purposes, the remaining isolates currently in the culture collection need to be 
tested, and expanding the range and/or concentrations of antibiotics is recommended. 
 
Given the dominance of the wastewater treatment plant effluent enterococci 
isolates on the classification of BOX-PCR isolate fingerprints, it is recommended that 
analytical efforts focus on their characterization.  A genotypic method using host-specific 
markers could improve the resolution of the data currently available for the enterococci 
isolates, and if work is to continue with the Escherichia coli isolates, additional effluent 
samples should be collected to improve their representation in the library. 
 
Previous studies and review articles have suggested that a rate of correct 
classification greater than 80% is acceptable for the source assignment of isolates of 
unknown origin.  However, as this lacks statistical merit additional laboratory analyses of 
the enterococci and Escherichia coli already isolated should be performed to determine 
their origins.  Given the advancement of library-independent host specific molecular 
methods, genetic markers appropriate to the host species and sources present in the 
Wissahickon Creek should be evaluated based on the known source isolates readily 
available. 
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With regards to assessing the data through the chosen statistical tests, confidence 
intervals should be developed in order to describe the uncertainty in the estimation of the 
rates of correct classification.  This is an assessment of microbial source tracking 
classification data that has not been discussed in the available literature. 
 
To analyze the BOX-PCR data in MatLab, the base pair values had to be 
consolidated into bins to create a uniform matrix.  It was beyond the scope of this 
research to explore how variations in the bin sizes could affect the analysis.  Therefore it 
is recommended that effort be devoted to reanalyzing the current BOX-PCR datasets to 
determine what are the optimal bin values and the effect on the rates of correct 
classification. 
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APPENDIX A: LIST OF ABBREVIATIONS AND ACRONYMS 
 
 
 
 
AMP  Ampicillin 
AMX  Amoxicillin 
ARA  Antibiotic Resistance Analysis 
ARCC  Average Rate of Correct Classification 
ATCC  American Type Culture Collection 
bp  Base pairs 
BHI  Brain Heart Infusion 
CA  Cluster Analysis 
cfs  Cubic feet per second 
DA  Discriminant Analysis 
DANMAP Danish Integrated Antimicrobial Resistance Monitoring and Research 
Program 
DNA  Deoxyribonucleic acid 
dNTP  Deoxyribonucleotide triphosphate 
DRBC  Delaware River Basin Commission 
DVRPC Delaware Valley Regional Planning Commission 
ERY  Erythromycin 
knn  k-nearest neighbor 
MGD  Million gallons per day 
MST  Microbial Source Tracking 
NARMS National Antimicrobial Resistance Monitoring System 
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NPDES National Pollutant Discharge Elimination System 
PCR  Polymerase Chain Reaction 
PWD  Philadelphia Water Department 
QA/QC Quality Assurance/Quality Control 
RCC  Rate of Correct Classification 
rep-PCR Repetitive extragenic palindromic polymerase chain reaction 
RNA  Ribonucleic acid 
rpm  Revolutions per minute 
SEM  Scanning Electron Microscope 
SOP  Standard Operating Procedure 
spp  Species (plural form) 
TBE  Tris-Borate-EDTA 
TET  Tetracycline 
TNTC  Too Numerous To Count 
TSA  Tryptic Soy Agar 
USC  United States Code 
USEPA United States Environmental Protection Agency 
USGS  United States Geological Survey 
WCWCCR Wissahickon Creek Watershed Comprehensive Characterization Report 
w/v  Weight/volume 
WWTP Wastewater Treatment Plant 
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APPENDIX B: DATA TABLES 
 
 
 
 
NPDES parameters and discharge points for the three main WWTPs 
 Number of discharge points per WWTP 
Parameter Abington Ambler Upper Gwynedd 
Oxygen, Dissolved (DO) 1 1 1 
Oxygen Demand, Chem. (High Level) 2 1 2 
pH 3 2 3 
Solids, Total Suspended 3 2 3 
Oil And Grease Freon Extr-Grav Meth 2 1 2 
Nitrogen, Ammonia Total (as N) 1 1 1 
Nitrogen, Kjeldahl Total (as N) 2 1 2 
Nitrite Plus Nitrate Total 1 Det. (As N) 1 1 1 
Phosphorus, Total (as P) 3 2 3 
Cyanide, Weak Acid, Dissociable NR 1 NR 
Hardness, Total (As CaCO3) NR 1 NR 
Arsenic, Total (as As) NR 1 NR 
Cadmium, Total (as Cd) NR 1 NR 
Chromium, Hexavalent (as Cr) NR 1 NR 
Chromium, Total (as Cr) NR 1 NR 
Copper, Total (as Cu) NR 1 1 
Iron, Total (as Fe) NR NR 1 
Iron, Dissolved (as Fe) 2 1 3 
Lead, Total (as Pb) NR 1 NR 
Nickel, Total (as Ni) NR 1 NR 
Silver, Total (as Ag) NR 1 NR 
Zinc, Total (as Zn) NR 1 NR 
Aluminum, Total (as Al) 1 1 1 
Phosphate, Ortho (as P) 1 NR 1 
Selenium, Total (as Se) NR 1 NR 
Phenolics, Total Recoverable NR 1 NR 
Dichlorobromomethane NR NR 1 
Chlorodibromomethane NR NR 1 
Flow, In Conduit Or Thru Treatment Plant 1 1 1 
Toxicity, Ceriodaphnia Chronic 1 NR 1 
Toxicity, Pimephales Chronic 1 NR 1 
Chlorine, Total Residual NR 1 1 
Mercury, Total (as Hg) NR 1 NR 
Coliform, Fecal General 3 2 3 
BOD, Carbonaceous 05 Day, 20°C 3 2 3 
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DNA dilutions of enterococci for BOX-PCR analysis 
ID # Raw DNA Conc. (ng/µL) µL DNA: µL Buffer AE Diluted DNA Conc. (ng/µL) 
050 35.5 20:20 18.8 
068 47.7 20:30 20.2 
095 32.0 20:20 17.3 
274 39.9 20:20 21.1 
279 52.1 20:30 21.5 
280 44.0 20:30 16.5 
281 38.5 20:20 19.3 
283 55.9 20:30 23.0 
288 32.9 20:20 18.1 
289 30.6 20:20 16.4 
295 38.5 20:20 20.5 
300 27.1 20:10 18.1 
302 55.5 20:30 21.3 
307 50.8 20:30 21.2 
311 26.7 20:10 19.2 
314 43.3 20:30 18.4 
315 41.5 20:30 19.0 
316 24.5 20:10 16.8 
317 50.3 20:30 21.3 
318 35.5 20:20 19.6 
319 56.3 20:30 24.0 
320 43.2 20:30 21.9 
321 24.9 20:10 16.9 
322 61.4 20:40 22.3 
323 42.2 20:30 16.9 
324 32.4 20:20 16.6 
325 25.7 20:10 17.1 
326 27.9 20:10 18.3 
333 26.0 20:10 17.7 
337 33.4 20:20 14.4 
339 24.7 20:10 16.9 
342 52.0 20:30 26.2 
343 28.0 20:10 18.8 
356 42.7 20:30 15.9 
357 31.1 20:20 15.0 
514 33.2 20:20 16.2 
515 26.3 20:10 18.3 
519 22.9 20:10 15.6 
525 29.2 20:10 20.5 
526 25.3 20:10 18.5 
527 22.7 20:10 15.1 
536 41.9 20:30 12.7 
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ID # Raw DNA Conc. (ng/µL) µL DNA: µL Buffer AE Diluted DNA Conc. (ng/µL) 
537 41.4 20:30 13.6 
538 40.7 20:30 12.8 
540 30.6 20:20 10.8 
544 24.4 20:10 16.2 
546 40.3 20:30 18.4 
547 31.6 20:20 16.9 
548 41.9 20:30 17.5 
549 23.6 20:10 15.0 
560 25.9 20:10 16.6 
561 23.1 20:10 13.6 
562 30.2 20:20 14.0 
563 30.6 20:20 14.0 
573 41.8 20:30 15.4 
574 33.8 20:20 14.5 
578 28.0 20:10 17.8 
591 26.6 20:10 16.4 
592 25.0 20:10 15.2 
593 37.3 20:20 17.3 
597 29.5 20:20 13.8 
599 41.1 20:30 16.4 
600 25.1 20:10 15.2 
615 34.8 20:20 15.6 
618 29.2 20:20 13.2 
641 36.0 20:20 16.4 
643 36.9 20:20 17.2 
644 35.4 20:20 16.8 
646 39.2 20:20 18.9 
647 24.3 20:10 16.2 
648 24.1 20:10 15.6 
649 44.3 20:30 16.8 
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Results of biochemical confirmation tests 
Water and WWTP effluent E. coli isolates 
Date N isolates cultured N isolates verified as E. coli Accuracy % 
01.13.2007 13 5 38.5 
01.29.2007 3 3 100.0 
02.12.2007 3 3 100.0 
03.01.2007 14 13 92.9 
03.07.2007 3 3 100.0 
04.06.2007 12 12 100.0 
04.21.2007 6 6 100.0 
05.09.2007 5 5 100.0 
06.09.2007 10 7 70.0 
07.13.2007 8 8 100.0 
08.08.2007 12 9 75.0 
08.25.2007 8 5 62.5 
09.23.2007 9 9 100.0 
10.05.2007 10 8 80.0 
11.09.2007 5 5 100.0 
05.17.2008 10 10 100.0 
05.31.2008 14 12 85.7 
06.06.2008 14 14 100.0 
    Average accuracy rate 89.1 
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Water and WWTP effluent enterococci isolates 
Date N isolates cultured N isolates verified as enterococci Accuracy % 
01.16.2007 17 15 88.2 
01.30.2007 12 12 100.0 
02.15.2007 13 12 92.3 
03.01.2007 11 10 90.9 
03.08.2007 9 6 66.6 
04.04.2007 12 11 91.7 
04.14.2007 11 11 100.0 
04.22.2007 5 5 100.0 
05.11.2007 10 10 100.0 
06.22.2007 11 8 72.7 
07.15.2007 10 9 90.0 
08.11.2007 14 14 100.0 
08.23.2007 6 6 100.0 
09.06.2007 18 17 94.4 
10.04.2007 14 13 92.9 
11.08.2007 16 11 68.7 
05.18.2008 16 10 62.5 
06.01.2008 10 10 100.0 
06.19.2008 11 9 81.8 
    Average accuracy rate 89.1 
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Fecal E. coli isolates 
Date N isolates cultured N isolates verified as E. coli Accuracy % 
01.19.2007 9 9 100.0 
02.24.2007 5 5 100.0 
03.27.2007 11 9 81.8 
04.22.2007 4 4 100.0 
06.02.2007 9 8 88.9 
06.23.2007 5 5 100.0 
07.17.2007 11 8 72.7 
08.20.2007 11 9 81.8 
09.28.2007 10 9 90.0 
10.26.2007 10 10 100.0 
11.16.2007 8 7 87.5 
11.29.2007 7 7 100.0 
12.09.2007 11 11 100.0 
12.15.2007 9 8 88.9 
12.21.2007 9 9 100.0 
01.25.2008 12 5 41.7 
02.22.2008 9 2 77.8 
05.24.2008 11 9 81.8 
10.05.2008 20 17 85.0 
    Average accuracy rate 88.3 
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Fecal enterococci isolates 
Date N isolates cultured N isolates verified as enterococci Accuracy % 
01.20.2007 9 9 100.0 
02.23.2007 5 3 60.0 
03.27.2007 9 5 55.6 
04.21.2007 9 4 44.4 
06.02.2007 3 1 33.3 
06.24.2007 10 7 70.0 
07.22.2007 9 8 88.9 
08.20.2007 15 11 73.3 
09.29.2007 15 12 80.0 
10.26.2007 15 13 86.7 
11.17.2007 14 9 64.3 
11.29.2007 14 10 71.4 
12.10.2007 12 12 100.0 
12.16.2007 15 14 93.3 
12.22.2007 16 11 68.7 
01.26.2008 7 1 14.3 
02.22.2008 2 1 50.0 
05.26.2008 7 6 85.7 
10.06.2008 19 10 52.6 
    Average accuracy rate 68.0 
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Complete isolate inventory 
ID Sample Name Taxon Collection Site Collected 
001 WISS140 50 mL #1 E.faecium Wissahickon Creek 01.09.2007 
002 WISS410 10 mL #1 E.faecium Wissahickon Creek 01.09.2007 
003 ABTNEFF1 10 mL #2 E.faecium Abington WWTP 01.09.2007 
004 WISS140 1.0 mL #1 E.faecium Wissahickon Creek 01.09.2007 
005 WISS140 10 mL #2 E.faecium Wissahickon Creek 01.09.2007 
006 WISS140 10 mL #1 E.faecium Wissahickon Creek 01.09.2007 
007 WISS140 1.0 mL #2 E. durans Wissahickon Creek 01.09.2007 
008 WISS410 50 mL #2 E.faecium Wissahickon Creek 01.09.2007 
009 WISS410 1.0 mL #2 E.faecium Wissahickon Creek 01.09.2007 
010 ABTNEFF1 50 mL #1 E.faecium Abington WWTP 01.09.2007 
011 ABTNEFF1 50 mL #2 E.faecium Abington WWTP 01.09.2007 
012 Positive Control ATCC E.faecium N/A N/A 
013 WISS410 50 mL #1 E.faecium Wissahickon Creek 01.09.2007 
014 WISS410 10 mL #2 E.faecium Wissahickon Creek 01.09.2007 
015 WISS140 50 mL #2 E.faecium Wissahickon Creek 01.09.2007 
016 Positive Control ATCC E.faecium N/A 01.22.2007 
017 ABTNEFF1 1.0 mL  E.faecium Abington WWTP 01.22.2007 
018 ABTNEFF1 50 mL #1 E.faecium Abington WWTP 01.22.2007 
019 ABTNEFF1 50 mL #2 E.faecium Abington WWTP 01.22.2007 
020 ABTNEFF1 10 mL #2 E.faecium Abington WWTP 01.22.2007 
021 ABTNEFF1 10 mL #1 E.faecium Abington WWTP 01.22.2007 
022 WISS410 50 mL E.faecium Wissahickon Creek 02.05.2007 
023 ABTNEFF1 10 mL #1 E.faecium Abington WWTP 02.05.2007 
024 AMBLEFF1 10 mL #2 E.faecium Ambler WWTP 02.05.2007 
025 AMBLEFF1 50 mL #2 E.faecium Ambler WWTP 02.05.2007 
026 ABTNEFF1 10 mL #3 E.faecium Abington WWTP 02.05.2007 
027 ABTNEFF1 50 mL #2 E.faecium Abington WWTP 02.05.2007 
028 AMBLEFF1 10 mL #1 E.faecium Ambler WWTP 02.05.2007 
029 ABTNEFF1 10 mL #2 E.faecium Abington WWTP 02.05.2007 
030 AMBLEFF1 50 mL #1 E.faecium Ambler WWTP 02.05.2007 
031 ABTNEFF1 50 mL #1 E.faecium Abington WWTP 02.05.2007 
032 AMBLEFF1 50 mL #3 E. durans Ambler WWTP 02.05.2007 
033 Positive Control ATCC E.faecium N/A N/A 
034 WISS140 10 mL #1 E.faecium Wissahickon Creek 02.26.2007 
035 AMBLEFF1 10 mL #2 E.faecium Ambler WWTP 02.26.2007 
036 WISS140 10 mL #2 E.faecalis Wissahickon Creek 02.26.2007 
037 WISS410 10 mL #1 E.faecium Wissahickon Creek 02.26.2007 
038 AMBLEFF1 10 mL #1 E.faecium Ambler WWTP 02.26.2007 
039 ABTNEFF1 10 mL #1 E.faecium Abington WWTP 02.26.2007 
040 UPGWYN1 10 mL #1 E.faecium Upper Gwynedd WWTP 02.26.2007 
041 UPGWYN1 10 mL #2 E.faecium Upper Gwynedd WWTP 02.26.2007 
042 ABTNEFF1 10 mL #2 E.faecium Abington WWTP 02.26.2007 
043 Positive Control ATCC E.faecium N/A N/A 
044 UPGWYN1 10 mL #2 E.faecium Upper Gwynedd WWTP 03.05.2007 
045 UPGWYN1 10 mL #1 E.faecium Upper Gwynedd WWTP 03.05.2007 
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ID Sample Name Taxon Collection Site Collected 
046 AMBLEFF1 10 mL E.faecium Ambler WWTP 03.05.2007 
047 AMBLEFF1 1.0 mL E.faecium Ambler WWTP 03.05.2007 
048 ABTNEFF1 10 mL #2 E. durans Abington WWTP 03.05.2007 
049 Positive Control ATCC E.faecium N/A 03.05.2007 
050 AMBLEFF1 10 mL #3 E.faecium Ambler WWTP 04.02.2007 
051 UPGWYN1 1.0 mL E.faecium Upper Gwynedd WWTP 04.02.2007 
052 UPGWYN1 10 mL #1 E. durans Upper Gwynedd WWTP 04.02.2007 
053 UPGWYN1 10 mL #2 E.faecium Upper Gwynedd WWTP 04.02.2007 
054 AMBLEFF1 10 mL #2 E.faecium Ambler WWTP 04.02.2007 
055 WISS410 10 mL #1 E.faecium Wissahickon Creek 04.02.2007 
056 WISS410 10 mL #2 E.faecalis Wissahickon Creek 04.02.2007 
057 ABTNEFF1 10 mL #1 E.faecium Abington WWTP 04.02.2007 
058 ABTNEFF1 10 mL #2 E.faecium Abington WWTP 04.02.2007 
059 ABTNEFF1 10 mL #3 E.faecium Abington WWTP 04.02.2007 
060 Positive Control ATCC E.faecium N/A N/A 
061 WISS410 50 mL #2 E.faecium Wissahickon Creek 01.22.2007 
062 WISS410 50 mL #1 E.faecium Wissahickon Creek 01.22.2007 
063 WISS410 10 mL #2 E.faecium Wissahickon Creek 01.22.2007 
064 WISS410 10 mL #1 E.faecium Wissahickon Creek 01.22.2007 
065 WISS140 50 mL #2 E.faecium Wissahickon Creek 01.22.2007 
066 WISS140 50 mL #1 E.faecium Wissahickon Creek 01.22.2007 
067 WISS140 1.0 mL #1 10.05 E.faecium Wissahickon Creek 04.04.2007 
068 WISS140 1.0 mL #1 10.20 E.faecium Wissahickon Creek 04.04.2007 
069 WISS140 1.0 mL #1 10.35 E.faecium Wissahickon Creek 04.04.2007 
070 WISS410 1.0 mL 11.15 E.faecium Wissahickon Creek 04.04.2007 
071 WISS410 1.0 mL #2 11.30 E.faecalis Wissahickon Creek 04.04.2007 
072 WISS140 1.0 mL #2 10.20 E.faecium Wissahickon Creek 04.04.2007 
073 WISS140 1.0 mL #2 10.05 E.faecium Wissahickon Creek 04.04.2007 
074 WISS140 1.0 mL #2 10.35  E.faecium Wissahickon Creek 04.04.2007 
075 WISS410 1.0 mL #1 11.30 E.faecium Wissahickon Creek 04.04.2007 
076 WISS410 1.0 mL 11.45 E.faecium Wissahickon Creek 04.04.2007 
077 Positive Control ATCC E.faecium N/A N/A 
078 WISS410 1.0 mL #1 E.faecium Wissahickon Creek 04.16.2007 
079 WISS140 1.0 mL #1 E. durans Wissahickon Creek 04.16.2007 
080 WISS140 1.0 mL #2 E. durans Wissahickon Creek 04.16.2007 
081 WISS410 1.0 mL #2 E. durans Wissahickon Creek 04.16.2007 
082 ABTNEFF1 10 mL E.faecium Abington WWTP 05.07.2007 
083 AMBLEFF1 10 mL E.faecium Ambler WWTP 05.07.2007 
084 UPGWYN1 1.0 mL #1 E. durans Upper Gwynedd WWTP 05.07.2007 
085 UPGWYN1 1.0 mL #2 E.faecium Upper Gwynedd WWTP 05.07.2007 
086 UPGWYN1 10 mL #1 E.faecium Upper Gwynedd WWTP 05.07.2007 
087 UPGWYN1 10 mL #3 E.faecium Upper Gwynedd WWTP 05.07.2007 
088 UPGWYN1 10 mL #4 E.faecium Upper Gwynedd WWTP 05.07.2007 
089 UPGWYN1 10 mL #2 E.faecium Upper Gwynedd WWTP 05.07.2007 
090 Positive Control ATCC E.faecalis N/A N/A 
091 WISS140 1.0 mL  E. durans Wissahickon Creek 06.18.2007 
092 WISS410 10 mL #2 E.faecalis Wissahickon Creek 06.18.2007 
093 WISS410 10 mL #3 E.faecalis Wissahickon Creek 06.18.2007 
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094 WISS410 10 mL #1 E.faecium Wissahickon Creek 06.18.2007 
095 AMBLEFF1 10 mL #2 E.faecium Ambler WWTP 06.18.2007 
096 AMBLEFF1 10 mL #1 E.faecium Ambler WWTP 06.18.2007 
097 UPGWYN1 10 mL E.faecium Upper Gwynedd WWTP 06.18.2007 
098 Positive Control ATCC E.faecalis N/A 06.18.2007 
099 WISS140 10 mL #1 E.faecium Wissahickon Creek 07.10.2007 
100 WISS410 1.0 mL E.faecium Wissahickon Creek 07.10.2007 
101 WISS410 10 mL #1 E. avium Wissahickon Creek 07.10.2007 
102 WISS410 10 mL #2 E. avium Wissahickon Creek 07.10.2007 
103 ABTNEFF1 10 mL #1 E.faecalis Abington WWTP 07.10.2007 
104 ABTNEFF1 10 mL #2 E. durans Abington WWTP 07.10.2007 
105 AMBLEFF1 10 mL E.faecium Ambler WWTP 07.10.2007 
106 UPGWYN1 10 mL E.faecium Upper Gwynedd WWTP 07.10.2007 
107 Positive Control ATCC E.faecalis N/A 07.10.2007 
108 WISS410 E.faecalis Wissahickon Creek 07.23.2007 
109 WISS140 1.0 mL #1 E. avium Wissahickon Creek 08.06.2007 
110 WISS140 1.0 mL #2 E.faecium Wissahickon Creek 08.06.2007 
111 WISS140 10 mL E.faecium Wissahickon Creek 08.06.2007 
112 WISS410 10 mL #1 E.faecalis Wissahickon Creek 08.06.2007 
113 WISS410 10 mL #2 E.faecium Wissahickon Creek 08.06.2007 
114 ABTNEFF1 10 mL #1 E.faecium Abington WWTP 08.06.2007 
115 ABTNEFF1 10 mL #2 E.faecium Abington WWTP 08.06.2007 
116 AMBLEFF1 1.0 mL E.faecium Ambler WWTP 08.06.2007 
117 AMBLEFF1 10 mL #1 E.faecium Ambler WWTP 08.06.2007 
118 AMBLEFF1 10 mL #2 E.faecium Ambler WWTP 08.06.2007 
119 UPGWYN1 1.0 mL E.faecium Upper Gwynedd WWTP 08.06.2007 
120 UPGWYN1 10 mL #1 E.faecium Upper Gwynedd WWTP 08.06.2007 
121 UPGWYN1 10 mL #2 E.faecium Upper Gwynedd WWTP 08.06.2007 
122 Positive Control ATCC E.faecalis N/A N/A 
123 WISS140 1.0 mL #1 E. durans Wissahickon Creek 08.20.2007 
124 WISS140 1.0 mL #2 E.faecium Wissahickon Creek 08.20.2007 
125 WISS140 1.0 mL #3 E.faecium Wissahickon Creek 08.20.2007 
126 WISS410 1.0 mL #1 E.faecium Wissahickon Creek 08.20.2007 
127 WISS410 1.0 mL #2 E.faecium Wissahickon Creek 08.20.2007 
128 WISS140 1.0 mL #3 E. coli Wissahickon Creek 01.09.2007 
129 WISS410 1.0 mL #2 E. coli Wissahickon Creek 01.09.2007 
130 WISS410 1.0 mL #4 E. coli Wissahickon Creek 01.09.2007 
131 ABTNEFF1 1.0 mL #4 E. coli Abington WWTP 01.09.2007 
132 Positive Control ATCC E. coli N/A N/A 
133 WISS410 1.0 mL E. coli Wissahickon Creek 01.22.2007 
134 WISS410 1.0 mL #2 E. coli Wissahickon Creek 01.22.2007 
135 Positive Control ATCC E. coli N/A N/A 
136 ABTNEFF1 1.0 mL E. coli Abington WWTP 02.05.2007 
137 AMBLEFF1 1.0 mL E. coli Ambler WWTP 02.05.2007 
138 Positive Control ATCC E. coli N/A 02.05.2007 
139 WISS140 0.1 mL E. coli Wissahickon Creek 02.26.2007 
140 AMBLEFF1 10 mL E. coli Ambler WWTP 02.26.2007 
141 WISS140 0.1 mL E. coli Wissahickon Creek 02.26.2007 
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142 WISS410 10 mL #2 E. coli Wissahickon Creek 02.26.2007 
143 WISS140 10 mL #2 E. coli Wissahickon Creek 02.26.2007 
144 WISS140 10 mL #1 E. coli Wissahickon Creek 02.26.2007 
145 ABTNEFF1 1.0 mL #2 E. coli Abington WWTP 02.26.2007 
146 ABTNEFF1 1.0 mL #1 E. coli Abington WWTP 02.26.2007 
147 UPGWYN1 0.1 mL E. coli Upper Gwynedd WWTP 02.26.2007 
148 WISS410 10 mL #1 E. coli Wissahickon Creek 02.26.2007 
149 UPGWYN1 1.0 mL #1 E. coli Upper Gwynedd WWTP 02.26.2007 
150 UPGWYN1 1.0 mL #2 E. coli Upper Gwynedd WWTP 02.26.2007 
151 Positive Control ATCC E. coli N/A N/A 
152 AMBLEFF1 1.0 mL E. coli Ambler WWTP 03.05.2007 
153 WISS140 1.0 mL E. coli Wissahickon Creek 03.05.2007 
154 Positive Control ATCC E. coli N/A N/A 
155 WISS140 1.0 mL 10.35 E. coli Wissahickon Creek 04.04.2007 
156 WISS410 1.0 mL 11.15 E. coli Wissahickon Creek 04.04.2007 
157 WISS410 1.0 mL #1 E. coli Wissahickon Creek 04.04.2007 
158 WISS410 1.0 mL #2 E. coli Wissahickon Creek 04.04.2007 
159 WISS410 1.0 mL 11.30 E. coli Wissahickon Creek 04.04.2007 
160 WISS410 1.0 mL 11.45 E. coli Wissahickon Creek 04.04.2007 
161 WISS140 0.1 mL 10.05 E. coli Wissahickon Creek 04.04.2007 
162 WISS140 0.1 mL 10.35 E. coli Wissahickon Creek 04.04.2007 
163 WISS140 1.0 mL 10.05 E. coli Wissahickon Creek 04.04.2007 
164 WISS410 0.1 mL E. coli Wissahickon Creek 04.04.2007 
165 WISS410 0.1 mL 11.30 E. coli Wissahickon Creek 04.04.2007 
166 Positive Control ATCC E. coli N/A N/A 
167 WISS140 1.0 mL #1 E. coli Wissahickon Creek 04.16.2007 
168 WISS140 1.0 mL #2 E. coli Wissahickon Creek 04.16.2007 
169 WISS410 1.0 mL #1 E. coli Wissahickon Creek 04.16.2007 
170 WISS410 1.0 mL #2 E. coli Wissahickon Creek 04.16.2007 
171 WISS410 1.0 mL #3 E. coli Wissahickon Creek 04.16.2007 
172 Positive Control ATCC E. coli N/A N/A 
173 WISS140 1.0 mL #1 E. coli Wissahickon Creek 05.07.2007 
174 WISS140 1.0 mL #2 E. coli Wissahickon Creek 05.07.2007 
175 WISS410 1.0 mL E. coli Wissahickon Creek 05.07.2007 
176 UPGWYN1 0.1 mL E. coli Wissahickon Creek 05.07.2007 
177 Positive Control ATCC E. coli N/A N/A 
178 AMBLEFF1 10 mL E. coli Ambler WWTP 06.04.2007 
179 WISS140 1.0 mL E. coli Wissahickon Creek 06.04.2007 
180 WISS410 1.0 mL E. coli Wissahickon Creek 06.04.2007 
181 ABTNEFF1 10 mL #3 E. coli Abington WWTP 06.04.2007 
182 UPGWYN1 10 mL #2 E. coli Upper Gwynedd WWTP 06.04.2007 
183 AMBLEFF1 1.0 mL E. coli Ambler WWTP 06.04.2007 
184 Positive Control ATCC E. coli N/A N/A 
185 WISS140 1.0 mL E. coli Wissahickon Creek 07.10.2007 
186 WISS410 1.0 mL #1 E. coli Wissahickon Creek 07.10.2007 
187 ABTNEFF1 1.0 mL E. coli Abington WWTP 07.10.2007 
188 WISS410 1.0 mL #2 E. coli Wissahickon Creek 07.10.2007 
189 WISS410 1.0 mL #3 E. coli Wissahickon Creek 07.10.2007 
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190 WISS410 1.0 mL #4 E. coli Wissahickon Creek 07.10.2007 
191 Positive Control ATCC E. coli N/A N/A 
192 WISS140 0.1 mL E. coli Wissahickon Creek 08.06.2007 
193 WISS140 1.0 mL E. coli Wissahickon Creek 08.06.2007 
194 WISS410 1.0 mL #2 E. coli Wissahickon Creek 08.06.2007 
195 WISS410 1.0 mL #5 E. coli Wissahickon Creek 08.06.2007 
196 WISS410 1.0 mL #6 E. coli Wissahickon Creek 08.06.2007 
197 AMBLEFF1 1.0 mL #1 E. coli Ambler WWTP 08.06.2007 
198 AMBLEFF1 1.0 mL #2 E. coli Ambler WWTP 08.06.2007 
199 UPGWYN1 1.0 mL E. coli Upper Gwynedd WWTP 08.06.2007 
200 Positive Control ATCC E. coli N/A N/A 
201 WISS140 1.0 mL #1 E. coli Wissahickon Creek 08.20 2007 
202 WISS140 0.1 mL #2 E. coli Wissahickon Creek 08.20 2007 
203 WISS410 1.0 mL #2 E. coli Wissahickon Creek 08.20 2007 
204 WISS410 1.0 mL #4 E. coli Wissahickon Creek 08.20 2007 
205 Positive Control ATCC E. coli N/A 08.20 2007 
206 WISS140 1.0 mL E. coli Wissahickon Creek 09.04.2007 
207 WISS410 1.0 mL #1 E. coli Wissahickon Creek 09.04.2007 
208 WISS410 1.0 mL #2 E. coli Wissahickon Creek 09.04.2007 
209 WISS410 1.0 mL #3 E. coli Wissahickon Creek 09.04.2007 
210 AMBLEFF1 1.0 mL #1 E. coli Ambler WWTP 09.04.2007 
211 AMBLEFF1 1.0 mL #2 E. coli Ambler WWTP 09.04.2007 
212 AMBLEFF1 1.0 mL #3 E. coli Ambler WWTP 09.04.2007 
213 AMBLEFF1 1.0 mL #4 E. coli Ambler WWTP 09.04.2007 
214 Positive Control ATCC E. coli N/A N/A 
215 WISS140 1.0 mL #2 E. coli Wissahickon Creek 10.01.2007 
216 WISS140 1.0 mL #1 E. coli Wissahickon Creek 10.01.2007 
217 WISS410 0.1 mL E. coli Wissahickon Creek 10.01.2007 
218 WISS410 1.0 mL #1 E. coli Wissahickon Creek 10.01.2007 
219 WISS410 1.0 mL #2 E. coli Wissahickon Creek 10.01.2007 
220 WISS410 1.0 mL #4 E. coli Wissahickon Creek 10.01.2007 
221 WISS410 1.0 mL #6 E. coli Wissahickon Creek 10.01.2007 
222 Positive Control ATCC E. coli N/A 10.01.2007 
223 WISS410 1.0 mL E. coli Wissahickon Creek 11.05.2007 
224 AMBLEFF1 1.0 mL #1 E. coli Ambler WWTP 11.05.2007 
225 AMBLEFF1 1.0 mL #2 E. coli Ambler WWTP 11.05.2007 
226 UPGWYN1 1.0 mL E. coli Upper Gwynedd WWTP 11.05.2007 
227 Positive Control ATCC E. coli N/A N/A 
228 FCF 0.1 mL E. coli Fox Chase Farm 05.14.2008 
229 FCF 1.0 mL #1 E. coli Fox Chase Farm 05.14.2008 
230 FCF 1.0 mL #2 E. coli Fox Chase Farm 05.14.2008 
231 FCF 1.0 mL #3 E. coli Fox Chase Farm 05.14.2008 
232 FCF dup 1.0 mL #1 E. coli Fox Chase Farm 05.14.2008 
233 FCF dup 1.0 mL #2 E. coli Fox Chase Farm 05.14.2008 
234 FCF dup 1.0 mL #3 E. coli Fox Chase Farm 05.14.2008 
235 FCF dup 1.0 mL #4 E. coli Fox Chase Farm 05.14.2008 
236 SCEE down dup 0.1 mL  E. coli Schuylkill Center Env Ed 05.14.2008 
237 Positive Control ATCC E. coli N/A N/A 
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238 Cow 0.1g E.faecalis Saul High School 07.20.2006 
239 Dog ROX E.faecalis Roxborough Animal Hosp. 07.20.2006 
240 Goose 0.3g E.faecalis Valley Green Inn 07.20.2006 
241 Pig 0.1g E.faecium Erdenheim Farm 07.20.2006 
242 Cow 0.3g E.faecium Saul High School 07.20.2006 
243 Goose 0.6g E.faecium Valley Green Inn 07.20.2006 
244 Pig 0.3g E.faecium Erdenheim Farm 07.20.2006 
245 Positive Control ATCC E.faecium N/A N/A 
246 Donkey (S) E.faecium Saul High School 05.10.2006 
247 Donkey E.faecium Saul High School 05.10.2006 
248 Pig E.faecium Erdenheim Farm 05.10.2006 
249 Cow E.faecium Erdenheim Farm 05.10.2006 
250 Sheep E.faecium Saul High School 05.10.2006 
251 Cow 0.3g #2 E.faecium Saul High School 01.16.2007 
252 Donkey 0.3g #2 E.faecium Saul High School 01.16.2007 
253 Cow 0.1g #4 E.faecium Saul High School 01.16.2007 
254 Cow 0.1g #3 E.faecium Saul High School 01.16.2007 
255 Cow 0.1g #1 E.faecium Saul High School 01.16.2007 
256 Horse 0.1g #2 E.faecium Saul High School 01.16.2007 
257 Horse 0.1g #1 E.faecium Saul High School 01.16.2007 
258 Donkey 0.3g #1 E.faecium Saul High School 01.16.2007 
259 Positive Control ATCC E.faecium N/A N/A 
260 Cow 0.3g  E.faecium Saul High School 02.20.2007 
261 Calf 0.6g E.faecium Saul High School 02.20.2007 
262 Positive Control ATCC E.faecium N/A N/A 
263 Donkey 0.1g E.faecium Saul High School 03.19.2007 
264 Cow 0.1g E.faecium Saul High School 03.19.2007 
265 Cow 0.3g #1 E.faecium Saul High School 03.19.2007 
266 Cow 0.3g #2 E.faecium Saul High School 03.19.2007 
267 Positive Control ATCC E.faecium N/A N/A 
268 Cow 0.3g #1 E. durans Saul High School 04.16.2007 
269 Cow 0.1g #2 E. durans Saul High School 04.16.2007 
270 Cow 0.3g #2 E. durans Saul High School 04.16.2007 
271 Positive Control ATCC E.faecium N/A N/A 
272 Cow 2 E. avium Saul High School 06.18.2007 
273 Dairy Cow 0.1g #3 E.faecium Saul High School 06.18.2007 
274 Dwarf Donkey 0.3g E.faecium Saul High School 06.18.2007 
275 Calf 0.1g E.faecium Saul High School 06.18.2007 
276 Calf 0.3g E.faecium Saul High School 06.18.2007 
277 Positive Control ATCC E.faecium N/A N/A 
278 Goose VGI 1 E.faecium Valley Green Inn 07.16.2007 
279 Goose Kelly 4 E.faecalis Kelly Drive 07.16.2007 
280 Goose Kelly 3 E.faecalis Kelly Drive 07.16.2007 
281 Goose VGI 5 E.faecalis Valley Green Inn 07.16.2007 
282 Goose VGI 3 E.faecalis Valley Green Inn 07.16.2007 
283 Goose Kelly 2 E.faecalis Kelly Drive 07.16.2007 
284 Goose Kelly 1 E.faecalis Kelly Drive 07.16.2007 
285 Positive Control ATCC E.faecalis N/A N/A 
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286 Goose Kelly 1 #1 E.faecium Kelly Drive 08.20.2007 
287 Goose Kelly 1 #2 E.faecium Kelly Drive 08.20.2007 
288 Goose Kelly 2 #2 E.faecalis Kelly Drive 08.20.2007 
289 Goose Kelly 4 E.faecium Kelly Drive 08.20.2007 
290 Goose VGI 1 #1 E.faecium Valley Green Inn 08.20.2007 
291 Goose VGI 1 #2 E.faecium Valley Green Inn 08.20.2007 
292 Goose VGI 1 #3 E.faecium Valley Green Inn 08.20.2007 
293 Goose VGI 1 #4 E.faecium Valley Green Inn 08.20.2007 
294 Goose VGI 3 #1 E.faecium Valley Green Inn 08.20.2007 
295 Goose VGI 3 #2 E.faecium Valley Green Inn 08.20.2007 
296 Positive Control ATCC E.faecalis N/A N/A 
297 Goose VGI 2 #1 E.faecalis Valley Green Inn 09.24.2007 
298 Goose VGI 3 #2 E.faecium Valley Green Inn 09.24.2007 
299 Goose VGI 3 #1 E.faecium Valley Green Inn 09.24.2007 
300 Goose VGI 4 #1 E.faecium Valley Green Inn 09.24.2007 
301 Goose VGI 4 #2 E.faecium Valley Green Inn 09.24.2007 
302 Goose Kelly 1 #1 E.faecalis Kelly Drive 09.24.2007 
303 Goose Kelly 1 #2 E.faecium Kelly Drive 09.24.2007 
304 Goose Kelly 4 #1 E.faecium Kelly Drive 09.24.2007 
305 Goose Kelly 4 #2 E.faecium Kelly Drive 09.24.2007 
306 Goose Kelly 5 #1 E.faecium Kelly Drive 09.24.2007 
307 Goose Kelly 5 #2 E.faecium Kelly Drive 09.24.2007 
308 Positive Control ATCC E.faecalis N/A N/A 
309 Goose VGI 1 E.faecalis Valley Green Inn 10.23.2007 
310 Goose VGI 2 #1 E.faecium Valley Green Inn 10.23.2007 
311 Goose VGI 2 #2 E.faecium Valley Green Inn 10.23.2007 
312 Goose VGI 3 #1 E.faecium Valley Green Inn 10.23.2007 
313 Goose VGI 4 #2 E.faecium Valley Green Inn 10.23.2007 
314 Goose Kelly 1 E.faecium Kelly Drive 10.23.2007 
315 Goose Kelly 2 #1 E.faecium Kelly Drive 10.23.2007 
316 Goose Kelly 2 #2 E.faecium Kelly Drive 10.23.2007 
317 Goose Kelly 3 E.faecium Kelly Drive 10.23.2007 
318 Goose Kelly 4 #1 E.faecium Kelly Drive 10.23.2007 
319 Goose Kelly 4 #2 E.faecium Kelly Drive 10.23.2007 
320 Goose Kelly 5 E.faecalis Kelly Drive 10.23.2007 
321 Positive Control ATCC E.faecalis N/A N/A 
322 Dog #1 0.2g #1 WCVH E.faecium Wiss Creek Vet Hosp. 11.13.2007 
323 Dog #1 0.2g #2 WCVH E.faecium Wiss Creek Vet Hosp. 11.13.2007 
324 Dog #3 0.2g WCVH E.faecalis Wiss Creek Vet Hosp. 11.13.2007 
325 Dog #4 0.6g #1 WCVH E.faecium Wiss Creek Vet Hosp. 11.13.2007 
326 Dog #4 0.6g #2 WCVH E.faecalis Wiss Creek Vet Hosp. 11.13.2007 
327 Dog #4 0.6g #3 WCVH E.faecalis Wiss Creek Vet Hosp. 11.13.2007 
328 Dog #5 0.2g WCVH E.faecium Wiss Creek Vet Hosp. 11.13.2007 
329 Dog #5 0.6g WCVH E.faecium Wiss Creek Vet Hosp. 11.13.2007 
330 Positive Control ATCC E.faecalis N/A N/A 
331 Woodchuck 0.2g #2 E.faecium Schuylkill Center Env Ed 11.26.2007 
332 Woodchuck 0.6g #2 E.faecium Schuylkill Center Env Ed 11.26.2007 
333 Opossum 0.2g #1 E.faecalis Schuylkill Center Env Ed 11.26.2007 
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334 Opossum 0.2g #2 E.faecalis Schuylkill Center Env Ed 11.26.2007 
335 Opossum 0.2g #3 E.faecalis Schuylkill Center Env Ed 11.26.2007 
336 Raccoon 0.2g #1 E.faecalis Schuylkill Center Env Ed 11.26.2007 
337 Raccoon 0.2g #2 E.faecium Schuylkill Center Env Ed 11.26.2007 
338 Cat 0.2g #1 E.faecalis Wiss Creek Vet Hosp. 11.26.2007 
339 Cat 0.2g #2 E.faecalis Wiss Creek Vet Hosp. 11.26.2007 
340 Positive Control ATCC E.faecalis N/A N/A 
341 Raccoon 0.2g SCEE E.faecium Schuylkill Center Env Ed 12.06.2007 
342 Raccoon 0.6g #1 SCEE E.faecium Schuylkill Center Env Ed 12.06.2007 
343 Raccoon 0.6g #2 SCEE E.faecium Schuylkill Center Env Ed 12.06.2007 
344 Opossum 0.2g SCEE E.faecium Schuylkill Center Env Ed 12.06.2007 
345 Opossum 0.6g SCEE E.faecalis Schuylkill Center Env Ed 12.06.2007 
346 Skunk 0.2g SCEE E.faecium Schuylkill Center Env Ed 12.06.2007 
347 Skunk 0.6g #1 SCEE E.faecium Schuylkill Center Env Ed 12.06.2007 
348 Skunk 0.6g #2 SCEE E.faecium Schuylkill Center Env Ed 12.06.2007 
349 Dog 0.2g WCVH E.faecalis Wiss Creek Vet Hosp. 12.06.2007 
350 Dog 0.6g #1 WCVH E.faecalis Wiss Creek Vet Hosp. 12.06.2007 
351 Dog 0.6g #2 WCVH E.faecalis Wiss Creek Vet Hosp. 12.06.2007 
352 Positive Control ATCC E.faecalis N/A N/A 
353 Woodchuck 0.2g SCEE E.faecium Schuylkill Center Env Ed 12.12.2007 
354 Woodchuck 0.6g SCEE E.faecium Schuylkill Center Env Ed 12.12.2007 
355 Opossum 0.2g #1 SCEE E.faecium Schuylkill Center Env Ed 12.12.2007 
356 Opossum 0.2g #2 SCEE E.faecium Schuylkill Center Env Ed 12.12.2007 
357 Opossum 0.6g SCEE E.faecium Schuylkill Center Env Ed 12.12.2007 
358 Deer 0.6g #1 SCEE E.faecium Schuylkill Center Env Ed 12.12.2007 
359 Deer 0.6g #3 SCEE E.faecium Schuylkill Center Env Ed 12.12.2007 
360 Gull 0.2g #1 SCEE E.faecalis Schuylkill Center Env Ed 12.12.2007 
361 Gull 0.2g #2 SCEE E.faecium Schuylkill Center Env Ed 12.12.2007 
362 Gull 0.3g #3 SCEE E.faecium Schuylkill Center Env Ed 12.12.2007 
363 Goose #1 E. coli Valley Green Inn 07.20.2006 
364 Goose #2 E. coli Valley Green Inn 07.20.2006 
365 Goose #3 E. coli Valley Green Inn 07.20.2006 
366 Goose #4 E. coli Valley Green Inn 07.20.2006 
367 Cow #1 2nd E. coli Saul High School 07.20.2006 
368 Cow 2 E. coli Erdenheim Farm 07.20.2006 
369 Cow #3 2nd E. coli Saul High School 07.20.2006 
370 Cow #2 2nd E. coli Saul High School 07.20.2006 
371 Cow C E. coli Erdenheim Farm 07.20.2006 
372 Cow 3B E. coli Erdenheim Farm 07.20.2006 
373 Goose 2B E. coli Valley Green Inn 07.20.2006 
374 Horse (mFC) E. coli Saul High School 01.16.2007 
375 Horse (MacC) E. coli Saul High School 01.16.2007 
376 Sheep (MacC) E. coli Saul High School 01.16.2007 
377 Calf (MacC) E. coli Saul High School 01.16.2007 
378 Donkey (MacC) E. coli Saul High School 01.16.2007 
379 Cow (mFC) E. coli Saul High School 01.16.2007 
380 Calf (mFC) E. coli Saul High School 01.16.2007 
381 Cow (MacC) E. coli Saul High School 01.16.2007 
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382 Positive Control ATCC E. coli N/A N/A 
383 Calf #1 E. coli Saul High School 02.20.2007 
384 Calf #2 E. coli Saul High School 02.20.2007 
385 Sheep #1 E. coli Saul High School 02.20.2007 
386 Sheep #2 E. coli Saul High School 02.20.2007 
387 Positive Control ATCC E. coli N/A N/A 
388 Sheep #1 E. coli Saul High School 03.19.2007 
389 Sheep #2 E. coli Saul High School 03.19.2007 
390 Donkey #1 E. coli Saul High School 03.19.2007 
391 Donkey #2 E. coli Saul High School 03.19.2007 
392 Cow #2 E. coli Saul High School 03.19.2007 
393 Cow #1 E. coli Saul High School 03.19.2007 
394 Calf #1 E. coli Saul High School 03.19.2007 
395 Calf #2 E. coli Saul High School 03.19.2007 
396 Positive Control ATCC E. coli N/A N/A 
397 Cow E. coli Saul High School 04.16.2007 
398 Sheep E. coli Saul High School 04.16.2007 
399 Calf E. coli Saul High School 04.16.2007 
400 Donkey #2 E. coli Saul High School 05.21.2007 
401 Lamb #1 E. coli Saul High School 05.21.2007 
402 Lamb #2 E. coli Saul High School 05.21.2007 
403 Dairy Cow #2 E. coli Saul High School 05.21.2007 
404 Donkey #1 E. coli Saul High School 05.21.2007 
405 Heffer #1 E. coli Saul High School 05.21.2007 
406 Heffer #2 E. coli Saul High School 05.21.2007 
407 Positive Control ATCC E. coli N/A 05.21.2007 
408 Sheep E. coli Saul High School 06.18.2007 
409 Dwarf Donkey E. coli Saul High School 06.18.2007 
410 Calf E. coli Saul High School 06.18.2007 
411 Dairy Cow E. coli Saul High School 06.18.2007 
412 Positive Control ATCC E. coli N/A N/A 
413 Goose VGI #2 E. coli Valley Green Inn 07.16.2007 
414 Goose VGI #1 E. coli Valley Green Inn 07.16.2007 
415 Goose VGI #5 E. coli Valley Green Inn 07.16.2007 
416 Goose VGI #4 E. coli Valley Green Inn 07.16.2007 
417 Goose VGI #3 E. coli Valley Green Inn 07.16.2007 
418 Goose Kelly #2 E. coli Kelly Drive 07.16.2007 
419 Goose Kelly #4 E. coli Kelly Drive 07.16.2007 
420 Positive Control ATCC E. coli N/A N/A 
421 Goose Kelly #1 E. coli Kelly Drive 08.20.2007 
422 Goose Kelly #2 E. coli Kelly Drive 08.20.2007 
423 Goose Kelly #3 E. coli Kelly Drive 08.20.2007 
424 Goose Kelly #5 E. coli Kelly Drive 08.20.2007 
425 Goose VGI #2 E. coli Valley Green Inn 08.20.2007 
426 Goose VGI #3 E. coli Valley Green Inn 08.20.2007 
427 Goose VGI #4 E. coli Valley Green Inn 08.20.2007 
428 Goose VGI #5 E. coli Valley Green Inn 08.20.2007 
429 Positive Control ATCC E. coli N/A N/A 
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430 Goose VGI #1 E. coli Valley Green Inn 09.24.2007 
431 Goose VGI #2 E. coli Valley Green Inn 09.24.2007 
432 Goose VGI #3 E. coli Valley Green Inn 09.24.2007 
433 Goose VGI #4 E. coli Valley Green Inn 09.24.2007 
434 Goose Kelly #1 E. coli Kelly Drive 09.24.2007 
435 Goose Kelly #2 E. coli Kelly Drive 09.24.2007 
436 Goose Kelly #4 E. coli Kelly Drive 09.24.2007 
437 Goose Kelly #5 E. coli Kelly Drive 09.24.2007 
438 Positive Control ATCC E. coli N/A N/A 
439 Goose VGI #1 E. coli Valley Green Inn 10.23.2007 
440 Goose VGI #2 E. coli Valley Green Inn 10.23.2007 
441 Goose VGI #3 E. coli Valley Green Inn 10.23.2007 
442 Goose VGI #4 E. coli Valley Green Inn 10.23.2007 
443 Goose VGI #5 E. coli Valley Green Inn 10.23.2007 
444 Goose Kelly #1 E. coli Kelly Drive 10.23.2007 
445 Goose Kelly #2 E. coli Kelly Drive 10.23.2007 
446 Goose Kelly #3 E. coli Kelly Drive 10.23.2007 
447 Goose Kelly #4 E. coli Kelly Drive 10.23.2007 
448 Goose Kelly #5 E. coli Kelly Drive 10.23.2007 
449 Positive Control ATCC E. coli N/A N/A 
450 Dog #1 WCVH E. coli Wiss Creek Vet Hosp. 11.13.2007 
451 Dog #3 WCVH E. coli Wiss Creek Vet Hosp. 11.13.2007 
452 Dog #4 WCVH E. coli Wiss Creek Vet Hosp. 11.13.2007 
453 Dog #5 WCVH E. coli Wiss Creek Vet Hosp. 11.13.2007 
454 Cat #1 WCVH E. coli Wiss Creek Vet Hosp. 11.13.2007 
455 Cat #2 WCVH E. coli Wiss Creek Vet Hosp. 11.13.2007 
456 Positive Control ATCC E. coli N/A N/A 
457 Woodchuck1 #1 SCEE E. coli Schuylkill Center Env Ed 11.26.2007 
458 Woodchuck1 #2 SCEE E. coli Schuylkill Center Env Ed 11.26.2007 
459 Raccoon1 #1 SCEE E. coli Schuylkill Center Env Ed 11.26.2007 
460 Raccoon1 #2 SCEE E. coli Schuylkill Center Env Ed 11.26.2007 
461 Opossum1 #1 SCEE E. coli Schuylkill Center Env Ed 11.26.2007 
462 Opossum1 #2 SCEE E. coli Schuylkill Center Env Ed 11.26.2007 
463 Positive Control ATCC E. coli N/A N/A 
464 Dog1 #1 WCVH E. coli Wiss Creek Vet Hosp. 12.06.2007 
465 Dog1 #2 WCVH E. coli Wiss Creek Vet Hosp. 12.06.2007 
466 Raccoon1 #1 SCEE E. coli Schuylkill Center Env Ed 12.06.2007 
467 Raccoon1 #2 SCEE E. coli Schuylkill Center Env Ed 12.06.2007 
468 Skunk1 #1 SCEE E. coli Schuylkill Center Env Ed 12.06.2007 
469 Skunk1 #2 SCEE E. coli Schuylkill Center Env Ed 12.06.2007 
470 Opossum1 #1 SCEE E. coli Schuylkill Center Env Ed 12.06.2007 
471 Opossum1 #2 SCEE E. coli Schuylkill Center Env Ed 12.06.2007 
472 Squirrel1 #1 SCEE E. coli Schuylkill Center Env Ed 12.06.2007 
473 Squirrel1 #2 SCEE E. coli Schuylkill Center Env Ed 12.06.2007 
474 Positive Control ATCC E. coli N/A N/A 
475 Woodchuck1 #1 SCEE E. coli Schuylkill Center Env Ed 12.12.2007 
476 Woodchuck1 #2 SCEE E. coli Schuylkill Center Env Ed 12.12.2007 
477 Opossum1 #2 SCEE E. coli Schuylkill Center Env Ed 12.12.2007 
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478 Deer1 #1 SCEE E. coli Schuylkill Center Env Ed 12.12.2007 
479 Deer 1 #2 SCEE E. coli Schuylkill Center Env Ed 12.12.2007 
480 Gull1 #1 SCEE E. coli Schuylkill Center Env Ed 12.12.2007 
481 Gull1 #2 SCEE E. coli Schuylkill Center Env Ed 12.12.2007 
482 Positive Control ATCC E. coli N/A N/A 
483 Woodchuck1 #1 SCEE E. coli Schuylkill Center Env Ed 12.18.2007 
484 Woodchuck1 #2 SCEE E. coli Schuylkill Center Env Ed 12.18.2007 
485 Opossum1 #1 SCEE E. coli Schuylkill Center Env Ed 12.18.2007 
486 Opossum1 #2 SCEE E. coli Schuylkill Center Env Ed 12.18.2007 
487 Skunk 1 #1 SCEE E. coli Schuylkill Center Env Ed 12.18.2007 
488 Skunk1 #2 SCEE E. coli Schuylkill Center Env Ed 12.18.2007 
489 Gull1 #1 SCEE E. coli Schuylkill Center Env Ed 12.18.2007 
490 Gull1 #2 SCEE E. coli Schuylkill Center Env Ed 12.18.2007 
491 Positive Control ATCC E. coli N/A N/A 
492 Deer 8 #1 SCEE E. coli Schuylkill Center Env Ed 01.22.2008 
493 Deer 8 #2 SCEE E. coli Schuylkill Center Env Ed 01.22.2008 
494 Deer 8 #3 SCEE E. coli Schuylkill Center Env Ed 01.22.2008 
495 WISS410 10 mL #1 E.faecalis Wissahickon Creek 09.04.2007 
496 WISS410 10 mL #2 E.faecium Wissahickon Creek 09.04.2007 
497 WISS410 10 mL #3 E.faecium Wissahickon Creek 09.04.2007 
498 WISS410 10 mL #4 E.faecium Wissahickon Creek 09.04.2007 
499 WISS410 10 mL #5 E.faecium Wissahickon Creek 09.04.2007 
500 AMBLEFF1 1.0 mL #1 E.faecium Ambler WWTP 09.04.2007 
501 AMBLEFF1 1.0 mL #2 E.faecium Ambler WWTP 09.04.2007 
502 AMBLEFF1 10 mL #1 E.faecium Ambler WWTP 09.04.2007 
503 AMBLEFF1 10 mL #2 E.faecium Ambler WWTP 09.04.2007 
504 AMBLEFF1 10 mL #4 E.faecium Ambler WWTP 09.04.2007 
505 AMBLEFF1 10 mL #5 E.faecium Ambler WWTP 09.04.2007 
506 AMBLEFF1 10 mL #7 E.faecium Ambler WWTP 09.04.2007 
507 AMBLEFF1 10 mL #8 E.faecium Ambler WWTP 09.04.2007 
508 AMBLEFF1 10 mL #3 E.faecium Ambler WWTP 09.04.2007 
509 AMBLEFF1 10 mL #6 E.faecium Ambler WWTP 09.04.2007 
510 AMBLEFF1 10 mL #9 E.faecium Ambler WWTP 09.04.2007 
511 Positive Control ATCC E.faecalis N/A N/A 
512 WISS140 10 mL #1 E.faecium Wissahickon Creek 10.01.2007 
513 WISS140 10 mL #2 E.faecalis Wissahickon Creek 10.01.2007 
514 WISS410 10 mL #3 E.faecium Wissahickon Creek 10.01.2007 
515 WISS410 10 mL #2 E.faecium Wissahickon Creek 10.01.2007 
516 ABTNEFF1 10 mL E.faecium Abington WWTP 10.01.2007 
517 AMBLEFF1 1.0 mL E. durans Ambler WWTP 10.01.2007 
518 AMBLEFF1 10mL #4 E. durans Ambler WWTP 10.01.2007 
519 AMBLEFF1 10 mL #2 E.faecium Ambler WWTP 10.01.2007 
520 AMBLEFF1 10 mL #3 E.faecium Ambler WWTP 10.01.2007 
521 AMBLEFF1 10 mL #4 E. durans Ambler WWTP 10.01.2007 
522 UPGWYN1 1.0 mL E. durans Upper Gwynedd WWTP 10.01.2007 
523 UPGWYN1 10 mL E. durans Upper Gwynedd WWTP 10.01.2007 
524 Positive Control ATCC E.faecalis N/A N/A 
525 WISS140 10 mL #1 E.faecium Wissahickon Creek 11.05.2007 
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526 WISS140 10 mL #3 E.faecium Wissahickon Creek 11.05.2007 
527 WISS410 10 mL #2 E.faecium Wissahickon Creek 11.05.2007 
528 ABTNEFF1 10 mL #1 E.faecalis Abington WWTP 11.05.2007 
529 ABTNEFF1 10 mL #2 E.faecium Abington WWTP 11.05.2007 
530 AMBLEFF1 1.0 mL E.faecalis Ambler WWTP 11.05.2007 
531 AMBLEFF1 10 mL #2 E.faecium Ambler WWTP 11.05.2007 
532 UPGWYN1 1.0 mL E.faecium Upper Gwynedd WWTP 11.05.2007 
533 UPGWYN1 10 mL #1 E.faecium Upper Gwynedd WWTP 11.05.2007 
534 UPGWYN1 10 mL #2 E.faecium Upper Gwynedd WWTP 11.05.2007 
535 Positive Control ATCC E.faecalis N/A N/A 
536 Cat 0.2g #1 WCVH E.faecalis Wiss Creek Vet Hosp. 12.12.2007 
537 Cat 0.2g #2 WCVH E.faecalis Wiss Creek Vet Hosp. 12.12.2007 
538 Cat 0.6g WCVH E.faecalis Wiss Creek Vet Hosp. 12.12.2007 
539 Positive Control ATCC E.faecalis N/A N/A 
540 Woodchuck 0.2g #1 SCEE E.faecium Schuylkill Center Env Ed 12.18.2007 
541 Woodchuck 0.6g #1 SCEE E.faecium Schuylkill Center Env Ed 12.18.2007 
542 Opossum 0.2g #2 SCEE E.faecalis Schuylkill Center Env Ed 12.18.2007 
543 Opossum 0.6g SCEE E.faecalis Schuylkill Center Env Ed 12.18.2007 
544 Skunk 0.2g #2 SCEE E.faecalis Schuylkill Center Env Ed 12.18.2007 
545 Skunk 0.6g #2 SCEE E.faecalis Schuylkill Center Env Ed 12.18.2007 
546 Gull 0.2g #1 SCEE E.faecalis Schuylkill Center Env Ed 12.18.2007 
547 Gull 0.2g #2 SCEE E.faecalis Schuylkill Center Env Ed 12.18.2007 
548 Gull 0.2g #3 SCEE E.faecalis Schuylkill Center Env Ed 12.18.2007 
549 Gull 0.2g #4 SCEE E.faecalis Schuylkill Center Env Ed 12.18.2007 
550 Positive Control ATCC E.faecalis N/A N/A 
551 Deer8 #4 SCEE E. coli Schuylkill Center Env Ed 01.22.2008 
552 Positive Control ATCC E. coli N/A N/A 
553 Deer #4 MA E. coli Morris Arboretum 02.19.2008 
554 FCF 1.0 mL #1 E.faecium Fox Chase Farm 05.14.2008 
555 FCF 1.0 mL #2 E.faecium Fox Chase Farm 05.14.2008 
556 FCF 10 mL #1 E.faecium Fox Chase Farm 05.14.2008 
557 FCF 10 mL #2 E.faecium Fox Chase Farm 05.14.2008 
558 FCF 10 mL #3 E. avium Fox Chase Farm 05.14.2008 
559 FCF dup 1.0 mL E.faecium Fox Chase Farm 05.14.2008 
560 FCF dup 10 mL #2 E. avium Fox Chase Farm 05.14.2008 
561 FCF dup 10 mL #3 E. avium Fox Chase Farm 05.14.2008 
562 SCEE down dup 10 mL #2 E. avium Schuylkill Center Env Ed 05.14.2008 
563 Positive Control ATCC E.faecalis N/A N/A 
564 Goat FCF E. coli Fox Chase Farm 05.21.2008 
565 Goat FCF dup E. coli Fox Chase Farm 05.21.2008 
566 Sheep FCF E. coli Fox Chase Farm 05.21.2008 
567 Sheep FCF dup E. coli Fox Chase Farm 05.21.2008 
568 Horse FCF E. coli Fox Chase Farm 05.21.2008 
569 Horse FCF dup E. coli Fox Chase Farm 05.21.2008 
570 Pig FCF E. coli Fox Chase Farm 05.21.2008 
571 Pig FCF dup E. coli Fox Chase Farm 05.21.2008 
572 Positive Control ATCC E. coli N/A N/A 
573 Goat FCF 1 E.faecium Fox Chase Farm 05.21.2008 
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574 Goat FCF 2 E.faecium Fox Chase Farm 05.21.2008 
575 Sheep FCF dup 1 E.faecium Fox Chase Farm 05.21.2008 
576 Sheep FCF dup 2 E.faecium Fox Chase Farm 05.21.2008 
577 Sheep FCF dup 3 E.faecium Fox Chase Farm 05.21.2008 
578 Positive Control ATCC E.faecalis N/A N/A 
579 FCF 0.1 mL E. coli Fox Chase Farm 05.28.2008 
580 FCF 1.0 mL #1 E. coli Fox Chase Farm 05.28.2008 
581 FCF 1.0 mL #2 E. coli Fox Chase Farm 05.28.2008 
582 FCF dup 1.0 mL #1 E. coli Fox Chase Farm 05.28.2008 
583 FCF dup 1.0 mL #2 E. coli Fox Chase Farm 05.28.2008 
584 SCEE up 10 mL #1 E. coli Schuylkill Center Env Ed 05.28.2008 
585 SCEE up 10 mL #2 E. coli Schuylkill Center Env Ed 05.28.2008 
586 SCEE down 10 mL #1 E. coli Schuylkill Center Env Ed 05.28.2008 
587 SCEE down 10 mL #2 E. coli Schuylkill Center Env Ed 05.28.2008 
588 SCEE down dup 1.0 mL  E. coli Schuylkill Center Env Ed 05.28.2008 
589 SCEE down dup 10 mL E. coli Schuylkill Center Env Ed 05.28.2008 
590 Positive Control ATCC E. coli N/A N/A 
591 FCF 1.0 mL #1 E.faecalis Fox Chase Farm 05.28.2008 
592 FCF 1.0 mL #2 E.faecalis Fox Chase Farm 05.28.2008 
593 FCF 10 mL #1 E.faecalis Fox Chase Farm 05.28.2008 
594 FCF 10 mL #2 E.faecium Fox Chase Farm 05.28.2008 
595 FCF dup 1.0 mL #1 E.faecalis Fox Chase Farm 05.28.2008 
596 FCF dup 1.0 mL #2 E. durans Fox Chase Farm 05.28.2008 
597 FCF dup 10mL #1 E.faecalis Fox Chase Farm 05.28.2008 
598 FCF dup 10mL #2 E.faecalis Fox Chase Farm 05.28.2008 
599 SCEE down 25 mL E.faecalis Schuylkill Center Env Ed 05.28.2008 
600 Positive Control ATCC E.faecalis N/A N/A 
601 FCF 0.1 mL #1 E. coli Fox Chase Farm 06.03.2008 
602 FCF 0.1 mL #2 E. coli Fox Chase Farm 06.03.2008 
603 FCF 1.0 mL #1 E. coli Fox Chase Farm 06.03.2008 
604 FCF 1.0 mL #2 E. coli Fox Chase Farm 06.03.2008 
605 FCF 1.0 mL #3 E. coli Fox Chase Farm 06.03.2008 
606 FCF dup 1.0 mL #1 E. coli Fox Chase Farm 06.03.2008 
607 FCF dup 1.0 mL #2 E. coli Fox Chase Farm 06.03.2008 
608 SCEE up 10 mL #1 E. coli Schuylkill Center Env Ed 06.03.2008 
609 SCEE up 10 mL #2 E. coli Schuylkill Center Env Ed 06.03.2008 
610 SCEE up 10 mL #3 E. coli Schuylkill Center Env Ed 06.03.2008 
611 SCEE down 10 mL #1 E. coli Schuylkill Center Env Ed 06.03.2008 
612 SCEE down 10 mL #2 E. coli Schuylkill Center Env Ed 06.03.2008 
613 SCEE down dup 25 mL E. coli Schuylkill Center Env Ed 06.03.2008 
614 Positive Control ATCC E. coli N/A N/A 
615 FCF dup 1.0 mL E.faecalis Fox Chase Farm 06.03.2008 
616 FCF dup 10 mL #1 E.faecium Fox Chase Farm 06.03.2008 
617 FCF dup 10 mL #2 E. durans Fox Chase Farm 06.03.2008 
618 SCEE up 10 mL E.faecalis Schuylkill Center Env Ed 06.03.2008 
619 SCEE up 25 mL E. durans Schuylkill Center Env Ed 06.03.2008 
620 SCEE down 25 mL E.faecium Schuylkill Center Env Ed 06.03.2008 
621 SCEE down dup 10 mL #1 E.faecium Schuylkill Center Env Ed 06.03.2008 
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622 SCEE down dup 10 mL #2 E. durans Schuylkill Center Env Ed 06.03.2008 
623 Positive Control ATCC E.faecalis N/A N/A 
624 SouthernGroundHornbill #1 E. coli Philadelphia Zoo 10.02.2008 
625 SouthernGroundHornbill #2 E. coli Philadelphia Zoo 10.02.2008 
626 Emu #1 E. coli Philadelphia Zoo 10.02.2008 
627 Ostrich #1 E. coli Philadelphia Zoo 10.02.2008 
628 Ostrich #2 E. coli Philadelphia Zoo 10.02.2008 
629 Waldrapp Ibis #1 E. coli Philadelphia Zoo 10.02.2008 
630 Waldrapp Ibis #2 E. coli Philadelphia Zoo 10.02.2008 
631 Giraffe #1 E. coli Philadelphia Zoo 10.02.2008 
632 Giraffe #2 E. coli Philadelphia Zoo 10.02.2008 
633 Mhorr Gazelle #1 E. coli Philadelphia Zoo 10.02.2008 
634 Mhorr Gazelle #2 E. coli Philadelphia Zoo 10.02.2008 
635 Zebra #1 E. coli Philadelphia Zoo 10.02.2008 
636 Zebra #2 E. coli Philadelphia Zoo 10.02.2008 
637 Addax #1 E. coli Philadelphia Zoo 10.02.2008 
638 Addax #2 E. coli Philadelphia Zoo 10.02.2008 
639 White Rhino E. coli Philadelphia Zoo 10.02.2008 
640 Positive Control ATCC E. coli N/A N/A 
641 Giraffe E.faecalis Philadelphia Zoo 10.02.2008 
642 Emu #2 E.faecium Philadelphia Zoo 10.02.2008 
643 Waldrapp Ibis #1 E. avium Philadelphia Zoo 10.02.2008 
644 Southern Ground Hornbill E.faecalis Philadelphia Zoo 10.02.2008 
645 Humbolt Penguin #1 E.faecalis Philadelphia Zoo 10.02.2008 
646 Humbolt Penguin #2 E.faecalis Philadelphia Zoo 10.02.2008 
647 Positive Control ATCC E.faecalis N/A N/A 
648 Mhorr Gazelle #2  E.faecalis Philadelphia Zoo 10.02.2008 
649 Giraffe #2 E.faecalis Philadelphia Zoo 10.02.2008 
650 Addax #2 E.faecium Philadelphia Zoo 10.02.2008 
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APPENDIX C: MATLAB COMMANDS FOR STATISTICAL ANALYSES 
 
 
 
 
Jaccard coefficients of similarity for ARA data 
The data for the ARA responses was classified as follows: 
1 = no resistance; 2 = resistance 
The Excel spreadsheet is converted to a text (tab delimited) document and imported into 
MatLab using the ‘Import Data…’ menu option 
‘Create vectors from each row using row names’ imports each isolate response as a 
vector. For both the E. coli and enterococci datasets, the column headers are: AMX low; 
AMX high; AMP low, AMP high; ERY low; ERY high; TET low, TET high 
Commands in MatLab used to calculate the Jaccard indices (using the enterococci ARA 
data for livestock as an example): 
>> AARA_Livestock_ent = 
[CowSHS254;CowSHS264;CowSHS270A;CowSHS270B;DonkeySHS246A;DonkeySH
S246B;DonkeySHS258;DonkeySHS274;PigERD241;SheepFCF575;SheepSHS250]; 
>> y = pdist(AARA_Livestock_ent,'jaccard'); 
Jaccard distance (i.e. dissimilarity) command for pairwise distance (pdist) 
>> z = squareform(y) 
Converts the vector into a square matrix using the squareform function 
>> AARA_Livestock_ent_jaccard = 1-z 
To determine the Jaccard similarity index (as opposed to the Jaccard dissimilarity 
index), the inverse of the Jaccard matrix is calculated. 
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Cluster analysis and dendrogram construction of ARA data 
>> y = pdist(AARA_All_Knownenv_ent, ‘euclidean’); 
Euclidean distance command for pairwise distance (pdist) 
>> z = linkage(y,method) 
Tested methods: 
'average': Unweighted average distance (UPGMA). 
'complete': Furthest distance. 
'single': Shortest distance (default). 
>> dendrogram(z) 
The dendrogram is plotted with the numbers on the horizontal axis denoting the indices 
of the objects in the original dataset.  The heights of the branches indicate the distance 
between data points. 
>> [H,T] = dendrogram(z,'colorthreshold',0.62) 
Include a threshold in the dendrogram, by changing the color of the branches above the 
designated threshold. 
>> set(H,'LineWidth',2) 
To improve the clarity of the plot, the line thickness can be adjusted. 
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Discriminant analysis of ARA and BOX-PCR data 
To classify data using discriminant analysis, a training group is assigned, a grouping 
variable for the training set is defined, and a sample set for classification is identified.  
For the source tracking data, the training group is the known source isolate dataset, the 
grouping variables are their source names (i.e. Domestic animal, Livestock, Waterfowl, 
Wildlife, WWTP effluent) and the sample sets are the water isolates from Fox Chase 
Farm, SCEE, WISS140 and WISS410. 
Using the enterococci ARA data as an example, calculate the RCCs: 
>> class = classify(AARA_Domestic_ent,AARA_training_ent,AARA_training_group) 
>> class = classify(AARA_Livestock_ent,AARA_training_ent,AARA_training_group) 
>> class = classify(AARA_WWTP_ent,AARA_training_ent,AARA_training_group) 
>> class = classify(AARA_Waterfowl_ent,AARA_training_ent,AARA_training_group) 
>> class = classify(AARA_Wildlife_ent,AARA_training_ent,AARA_training_group) 
To classify the isolates from water samples: 
>> class = classify(Water_FCF,AARA_ent_training,AARA_ent_group) 
>> class = classify(Water_SCEE,AARA_ent_training,AARA_ent_group) 
>> class = classify(Water_WISS140, AARA_ent_training,AARA_ent_group) 
>> class = classify(Water_WISS410, AARA_ent_training,AARA_ent_group) 
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k-nearest neighbor analysis 
To classify data using k-nearest neighbor, a training group is assigned, a grouping 
variable for the training set is defined, and a sample set for classification is identified.  
For the source tracking data, the training group is the known source isolate dataset, the 
grouping variables are their source names (i.e. Domestic animal, Livestock, Waterfowl, 
Wildlife, WWTP effluent) and the sample sets are the water isolates from Fox Chase 
Farm, SCEE, WISS140 and WISS410. 
 
Using the enterococci ARA data as an example, calculate the RCCs: 
>>class=knnclassify(AARA_Domestic_ent,AARA_training_ent,AARA_training_group) 
>>class=knnclassify(AARA_Livestock_ent,AARA_training_ent,AARA_training_group) 
>>class = knnclassify(AARA_WWTP_ent,AARA_training_ent,AARA_training_group) 
>>class=knnclassify(AARA_Waterfowl_ent,AARA_training_ent,AARA_training_group 
>> class = knnclassify(AARA_Wildlife_ent,AARA_training_ent,AARA_training_group) 
 
To classify the isolates from water samples: 
>> class = knnclassify(Water_FCF,AARA_ent_training,AARA_ent_group) 
>> class = knnclassify(Water_SCEE,AARA_ent_training,AARA_ent_group) 
>> class = knnclassify(Water_WISS140,AARA_ent_training,AARA_ent_group) 
>> class = knnclassify(Water_WISS410,AARA_ent_training,AARA_ent_group) 
The default value for k = 1.  Classification can be determined for additional k values 
using the following syntax: 
>> class = knnclassify(sample,training,group,k) 
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APPENDIX D: STANDARD OPERATING PROCEDURES 
 
 
 
 
SOP 1: Preparation of E. coli cells for BOX-PCR analysis 
1. From nutrient agar slant, suspend small inoculating loopful of confirmed E. coli in 
1 mL BHI broth in 1.5 mL microcentrifuge tube 
2. Incubate overnight (12 – 24 hrs) at 37°C 
3. Centrifuge tube for 5 minutes at ~ 6000 rpm, pipette supernatant from pellet 
4. Add 1 mL nuclease-free water 
5. Centrifuge tube for 5 minutes at ~ 6000 rpm, pipette supernatant from pellet 
6. Add 1 mL nuclease-free water, store at -20°C until needed 
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SOP 2: Preparation of enterococci cells for BOX-PCR analysis  
(Qiagen DNeasy Blood & Tissue Kit) 
 
1. From nutrient agar slant, suspend small inoculating loopful of confirmed 
enterococci in 1 mL BHI broth in 1.5 mL microcentrifuge tube 
2. Incubate overnight (12 – 24 hrs) at 37°C 
3. Centrifuge tube for 5 minutes at ~ 6000 rpm, pipette supernatant from pellet 
4. Add 1 mL nuclease-free water 
5. Centrifuge tube for 5 minutes at ~ 6000 rpm, pipette supernatant from pellet 
6. Add 1 mL nuclease-free water. 
7. Centrifuge washed enterococci at 7500 rpm for 10 minutes, pipette supernatant 
from pellet 
8. Resuspend pellet in 180 µL enzymatic lysis buffer (SOP 3) 
9. Incubate at 37°C for 30 minutes 
10. Add 25 µL of proteinase K and 200 µL of Buffer AL (without ethanol).  Vortex 
11. Incubate at 56°C for 30 minutes 
12. Add 200 µL ethanol.  Vortex 
13. Pipette mixture (including any precipitate) into DNeasy spin column placed in a 2 
mL collection tube 
14. Centrifuge at 8000 rpm for 1 minute.  Discard flow-through and collection tube 
15. Place spin column in new 2 mL collection tube, add 500 µL Buffer AW1 and 
centrifuge for 1 minute at 8000 rpm.  Discard flow-through and collection tube. 
16. Place spin column in new 2 mL collection tube, add 500 µL Buffer AW2 and 
centrifuge for 3 minute at 14000 rpm.  Discard flow-through and collection tube. 
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17. Place spin column in a clean 1.5 mL microcentrifuge tube, add 200 µL Buffer AE. 
18. Incubate at room temp for 1 minute and centrifuge for 1 minute at 8000 rpm.   
19. Discard spin column.  DNA is in the final elute.  Store at -20°C until needed for 
BOX-PCR. 
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SOP 3: Enzymatic lysis buffer for enterococci lysis procedure 
For 500mL: 
1. To make 20 mM Tris-Cl, dissolve 1.2115 g of Tris base (Fisher Chemical) in 400 
ml of DI H2O 
Calculation: 
M*MW*V=g 
(20*10-3 mol/L) * (121.14 g/mol) * (0.5L) = 1.2114g Tris 
2. Bring to pH = 8 with concentrated HCl  (EP Scientific) 
3. Add 0.37g of EDTA disodium (Fluka) to achieve a final concentration of 2mM 
Calculation: 
M*MW*V=g 
(2*10-3 mol/L) * (372.24 g/mol) * (0.5L) = 0.37 g EDTA disodium 
4. Add 5.6mL of Triton X-100 (Mallinckrodt) to achieve a final concentration of 
1.2% 
Calculation: 
Density X-100 = 1.07 g/cm3 = 1.07 kg/L 
[1.2g X-100 / (1.07 kg/L * 1000 mg/kg] / [100 g solution / 1.0 kg/L * 1000 
mg/kg] 
= 0.0012 L = 11.2 mL 
= 11.2 mL in 1 L solution 
= 5.6 mL in 500 mL solution 
5. Make up to 500mL with DI H2O 
6. Filter with 0.5 µm filter, autoclave, and store at room temperature. 
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SOP 4: BOX-PCR of E. coli and enterococci isolates 
1. Ensure all work surfaces are free of contamination by cleaning with sodium 
hypochlorite solution and DNAerase (MP Biomedicals) 
2. Ensure all pipettes, tips, tubes etc. are clean by placing in a UV hood for at least 
20 minutes prior to use. 
3. BOX-PCR reaction mix is prepared as follows in a 1 mL PCR tube, with volumes 
given for 22 reaction tubes (i.e. one for each available lane in a gel plate, plus one 
‘spare’), vortexing each tube before opening. 
a. Nuclease-free water (Ambion) 391.6 µL 
b. CoralLoad buffer (Qiagen)  52.8 µL 
c. Q solution (Qiagen)   52.8 µL 
d. dNTPs (Qiagen)   10.6 µL 
e. BOX-A1R primer (Operon)  10.6 µL 
f. HotStart Taq+ (Qiagen)  11.0 µL 
4. Vortex reaction mix after all reagents are added. 
5. Add 24 µL of the PCR reaction to a 0.2 mL PCR reaction tube. 
6. Add 1 µL of E. coli whole cell suspension/lysed enterococci DNA to the PCR 
tube (or 1 µL of nuclease-free water for the blank reaction). Vortex to combine. 
7. Place tubes in thermal cycler (Bio-Rad iCycler with 96 x 0.2 ml reaction module). 
8. Select appropriate thermal cycler protocol, ensuring hot start is enabled at 95°C, 
and hold time is set at 4°C for infinity. 
9. After protocol is complete, PCR reaction tubes can be stored overnight at 4°C or 
for prolonged storage at -20°C. 
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SOP 5: 1.5% agarose gel for visualization of BOX-PCR products 
Preparation of 110 mL 1.5% agarose gel for electrophoresis 
1. In at least 250 mL volumetric flask: 
[110 mL * 0.015] = 1.65g agarose (Pierce) 
[0.5x/10x * 110 mL] = 5.5 mL 10x TAE or TBE buffer (Promega) 
[110 mL – 5.5 mL] = 104.5 mL DI H2O 
2. Stir and heat mixture to boiling on stirring hotplate, on medium heating/medium 
stirring. 
3. Allow to cool by stirring on separate stirring plate for at least 30 minutes (medium 
stirring). 
4. Pour into small gel plate (Fisher; FB-SB-1316) and insert 24-tooth comb. 
5. Allow to cool until opaque (e.g. on bench for 1 hour). 
6. Rotate gel, remove comb very carefully by pulling very slowly straight up, and 
add ~1000 mL 0.5x 10x buffer (as used in gel): 
[0.5x/10x * 1000 mL] = 50 mL 10x TAE or TBE buffer (Promega) 
[1000 mL – 50 mL] = 950 mL DI H2O 
The same buffer (i.e. TAE or TBE) at the same concentration must be used in the 
gel and buffer. 
7. Refrigerate gel in buffer until ready to use (ideally overnight). 
8. The wells created by the 24-tooth comb are suitable for 10 µL of reference 
ladder/PCR product. 
The typical configuration for setting up the pipetting order is with the reference 
ladder (e.g. HyperLadder1) in the top, middle, bottom lanes (e.g.. Lane #1, 12, 24)   
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SOP 6: Preparation of reagents for ARA protocol 
The abbreviations for each antibiotic are shown, and for each preparation part or all of the 
solute is comprised of deionized water (DI H2O). 
 
 
 
 Stock sol.  
(mg/100 mL) 
Solute Storage (ºC) 
Amoxicillin (AMX) 10 1:1 Methanol:DI H2O <-30 
Ampicillin (AMP) 20 DI H2O -20 
Erythromycin (ERY) 20 1:1 Ethanol:DI H2O 2-8 
Tetracycline (TET) 20 1:1 Ethanol:DI H2O -20 
 
 
 
The antibiotic plates were prepared as shown below, where the total volume needed for 
each growth plate is 18 mL. 
 
 
 
  Low dose High dose 
 Stock 
(mg/100 mL) 
Conc. 
(µg/mL) 
Vol. stock 
(mL) 
Conc. 
(µg/mL) 
Vol. stock 
(mL) 
AMX 10 5 0.9 20 3.6 
AMP 20 10 0.9 50 4.5 
ERY 20 10 0.9 50 4.5 
TET 20 10 0.9 50 4.5 
 
 
 
As an example, 0.9 mL of the 10 mg/100 mL AMX stock solution would be added to 
17.1 mL of the TSA to prepare a low dose AMX plate 
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